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Weak soil is a common problem in road construction. Whether it is a temporary access road 
or a permanent road built over a weak subgrade, a large deformation of the subgrade can lead to 
deterioration of the paved or unpaved surface. Geosynthetics offer a potentially economical 
solution for stabilizing and reinforcing roads built over weak soil. Three sets of testing programs 
were conducted in this study. The first testing program includes conducting accelerated load 
testing of full-scale geosynthetics reinforced test lanes using the rolling wheel load facility; the 
second program included conducting laboratory cyclic plate loading test on geosynthetics 
reinforced test sections constructed inside a steel box facility, and the third program included cyclic 
plate loading test on full-scale test lane sections. An extensive in-situ and laboratory testing was 
performed before the construction of the test sections and after each stage of pavement construction 
to assess the strength, stiffness of the pavement layers. Both the full-scale pavement test lane 
sections and in-box laboratory pavement test sections were instrumented with several sensors to 
measure the load associated and associated environmental responses. The experimental test results 
demonstrated that the inclusion of geosynthetics in pavement to reinforce the base and/or stabilize 
the subgrade can significantly enhance the pavement performance in terms of reducing the 
permanent deformation of pavement layers. The inclusion of geosynthetics in pavement can help 
redistribute the load and reduce the stress concentration on top of subgrade layer. The benefits of 
geosynthetics reinforcement were quantified, within the context of the AASHTOWare Pavement 
ME Design guide and AASHTO 1993, in terms of increasing the resilient modulus of base course 
layer and/or reducing the thickness of base aggregate layer in pavement structure. The results for 
three test experiments showed an increase in traffic benefit ratio when including geosynthetics in 
xv 
 
pavement. Also, include geosynthetics showed appreciable benefit on reducing the permanent 
deformation of base and subgrade layer in this study. 
Four empirical models were developed using nonlinear regression to evaluate and quantify 
the benefits of using geosynthetics in pavements built over weak subgrade soil. The first model 
was developed to quantify the traffic benefit ratio (TBR). The second model was developed to 
quantify the base course reduction (BCR). The third model was developed to quantify the resilient 
modulus increase due to geosynthetics reinforcement the base layer. The fourth model was 
developed to quantify the increase in resilient modulus due to geosynthetics stabilization of the 
subgrade. Furthermore, the developed models were verified with experimental data to predict the 




Because the weak nature of the soil in Louisiana, engineers usually face challenges in the 
design and construction of roadway. During the design and construction phase, engineers must 
consider the soil type based on soil classification. In Louisiana, the subgrade soil moisture content 
of can be as high as 50%. In addition to, high plasticity index. To counter the problem, engineers 
traditionally apply one of these three approaches: removed and replaced part of soil; mix the soil 
with cementitious materials; and increase the thickness of asphalt layer and/or base course layer. 
The main idea of subgrade stabilization is to reduce surface rutting, increase stiffness of subgrade 
and provide a more uniform distribution of load over surface layer to reduce the settlement in the 
roads.  
Since 1980, the industry has observed an increase in the use of geosynthetics in pavement 
design. Many studies (e.g., Hass et al., 1988; Al-Qadi et al., 1994; Perkins, 1999, 2001, 2002; Berg 
et al., 2000; Tingle 2005; Perkins and Cortez 2005; Al-Qadi 2008; Abu-Farsskh 2012; Cuelho et 
al., 2009; Qian, Y et al. 2013; Thakur, J.K.,2012; Yang, X. and Han, J. 2013); demonstrated the 
fabrics effectiveness using small-scale and large-scale testing programs both indoors and 
outdoors.Geosynthetic products such as geotextile and geogrid, are now included in pavement 
design and construction to prolong the pavement service life and reduce the thickness of pavement 
layers. 
1.1 Statement of Problem 
According to FHWA 2012 statistics flexible pavement is considered the highest type of pavement 
in the United States which showed that 4,304,715 km of paved roads and 2,281,895 km of unpaved 
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roads. Weak subgrade soil is one of the most important problem in pavement engineering. 
Therefore, several techniques were introduced to stabilize the subgrade soil such as use cement, 
lime, fly ash. Geosynthetics materials are an important technique that can be used to stabilize weak 
subgrade soils and to reinforce the base layer. For weak subgrade soil, the use of geosynthetics can 
improve subgrade and increase the subgrade stiffness. In addition, geosynthetics can help 
improving the stress distribution on top of subgrade layer.  
The high cost of construction materials and the need to protect pavement structure from 
deterioration, such as permanent deformation (rutting) force the engineers to increase the structural 
capacity of the pavement to handle traffic loads. Geosynthetics are considered very good in tension 
which the base course is very good in compression. The tensile force generates from the shear 
force interface between aggregate particles and geosynthetics surface or by interlocking between 
the aggregate particles and geogrid aperture can help lateral restraint the base aggregate resulting 
in increased the stiffness and improve the performance of pavement structure.  
Several design methods have been proposed for flexible pavements with geosynthetic 
reinforced unbound base aggregate layer and stabilizing of weak subgrade soil. These design 
methods were either based on empirical or analytical approaches that may not reflect the actual 
performance of field sections. Empirical design methods are usually based on obtaining a 
performance level from a laboratory model test, which is then extrapolated to the field conditions 
for application in the design (Perkins 2010). These methods are limited to the conditions associated 
with the experiments of the study. In order to develop a comprehensive design procedure for 
reinforced pavement structure, results from full-scale tests and the collect data from previous 
studies in literature can use to propose a new empirical model. 
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1.2 Objectives  
The objectives of this research study can be summarized as: 
1- Examine the benefit of using geosynthetics in pavements built over weak subgrade through 
stabilizing the weak subgrade and/or reinforcing the base layer.  
2- Quantify the benefits of using geosynthetics in flexible pavements built over weak 
subgrade soil. 
1.3  Scope 
The research objectives were achieved through conducting an extensive experimental testing. 
The experimental testing included the following programs: 
1. Conducted accelerated load testing on full-scale geosynthetics reinforced lanes using the 
rolling wheel load facility. This included construction and instrumentation of the test lane sections 
in the field. A total of six test lane sections were constructed over native soft soil at an outdoor site 
located at the Pavement Research Facility (PRF) of Louisiana Department of Transportation and 
Development (LA DOTD) in Port Allen, LA. The dimension of each test section is 24 m (80 ft) 
long and 4 m (13 ft) wide. The test lane sections were constructed, using two different types of 
geosynthetics (geogrid and geotextile) and one type of Mexican crushed limestone over weak 
natural subgrade 
 This task included the following variables. 
a- Base layer thickness 
b- Geosynthetics types (geotextile and geogrid) 
c- Geosynthetics location within base layer 
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 2. Conduct cyclic plate loading tests on geosynthetics reinforced test sections built inside a steel 
box facility. This task included constructing and instrumenting of six test sections in the lab like 
field full-scale test lanes sections.  
3. Conduct cyclic plate loading test on the same full-scale test lanes sections in the field.  
4. Use the ME design software to analyze lab and field experimental test results in order to quantify 
the reinforcement benefits in terms of equivalent resilient modulus for reinforced base layer (Mreq-
base) and equivalent resilient modulus for stabilizing subgrade (Mreq-subgrade). 
5. Use the AASHTO design method to analyze the lab and field experimental test results in order 
to quantify the reinforcement benefits in terms of equivalent resilient modulus for reinforced base 
layer (Mreq-base) and equivalent resilient modulus for stabilizing subgrade (Mreq-subgrade). 
6. Perform non-linear statistical regression analysis using SAS to develop a model to estimate the 
traffic benefit ratio (TBR) and base course reduction (BCR) for different pavement configurations. 
The regression models included the following variables. 
a- Thickness of base layer 
b- Subgrade strength (CBR) 
c- Geosynthetics tensile modulus 
1.4 Research Methodology 
The following tasks were included in this study: 
Task 1: Conducted extensive literature review. 
Task 2: Collected data from all available previous studies in literature. These data were used 
to study the effect of reinforcement due to different variables. The collection data from previous 




Task 3: Developed experimental factorial 
Task 4: Preform the experimental factorial 
Task5: Preform data analysis 
- Evaluate the equivalent resilient modulus for base reinforcement. 
- Evaluate the equivalent resilient modulus for subgrade stabilization. 
Task 6: Develop nonlinear regression models based on the data collected from the previous 
studies and the data available from this study. 
Task 7: Prepare dissertation. 
1.5 Dissertation Organization 
The dissertation has been divided into seven main chapters. The first chapter of this 
dissertation introduces the plan of the study which include problem statement, research objectives, 
research scope, and research methodology. The second chapter includes deeply in the literature 
reviews and all the previous research studies on geosynthetics reinforcement. Chapter three 
discusses the experimental testing programs and methodology. The fourth chapter discusses the 
lab and field test results. The fifth chapter of this dissertation includes deeply in analysis of 
experimental test results trying to answer each question of the research. The sixth chapter discusses 
the prediction model for incorporating geosynthetics in the pavement design. The seven-chapter 
summarized the research results and finding and the recommendations that can could be useful for 




 LITERATURE REVIEW 
2.1 Introduction 
Because the soil in Louisiana is very weak, engineers face problems in the design and 
construction of roadways. During the design and construction phase, engineers must consider the 
soil type based on soil classification. In Louisiana, the soil moisture content is high and can be 
more than 50%, in addition to high plasticity index. In order to counter the problem, researchers 
traditionally apply these three approaches: removed part of soil; mix soil cementitious materials 
with the soil; increase the thickness of asphalt layer and/or base course layer. The main idea of 
subgrade stabilization is to reduce rutting, increase the stiffness of subgrade and create a more 
uniform distribution of load to avoid any differential settlement. 
Since 1980, the industry has observed an increase in the use of geosynthetics in pavement 
design. Many studies (e.g., Hass et al., 1988; Al-Qadi et al., 1994; Perkins, 1999, 2001, 2002; and 
Berg et al., 2000) demonstrate the fabrics effectiveness with small scale and large scale testing 
both indoors and outdoors. 
 Geosynthetic products, geotextile and geogrid, are now included in pavement design and 
construction to lower the thickness of pavement layers and extend the service life of pavement. 
The most important function for geosynthetics is reinforcement, stablaziotn, separation, and, 
drainage and filtration. Geosynthetics 
2.1.1  General 
Geosynthetics is a product in which at least one component is based on synthetic or natural 
polymer, and is in the form of mantle filter sheet or three-dimensional structure used in ground 
contact or other materials within the field of geotechnical and civil engineering. There are several 
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fields of application of geosynthetics in the world of construction and building such as road works, 
hydraulic works, erosion control systems, environmental applications. The manufacturer of 
geosynthetics mainly comprises methods extrusion, textile technology and both technologies: 
Textile and plastic. Geosynthetics are derived from artificial fibers, basically composed of 
polymers such as polypropylene, polyester, polyamide and polyethylene, the first two being the 
most widely used today. 
2.1.2  Classification of Geosynthetics 
The most common types of geosynthetics used in the engineering field are geotextiles, 
geogrids, geomembranes, geonets geocomposites.  
2.1.2.1 Geotextiles 
Geotextile is flexible and fluid permeable made of synthetic fibers such as polyester or 
polypropylene materials. Their characteristics make them able to retain particles larger than the 
pore size of soil. 
2.1.2.2 Geogrid 
Geogrid is three-dimensional structures but with the characteristic of being mono or bi-





Geocomposite designed specifically for soil stabilization where both reinforcement and 
separation of a granular base and fine ground is required. Attaching a non-woven geotextile to a 
geogrid, which enables a great interaction with the reinforced base lyaer, complete separation of 
the different types of soil, effective filtering action, high tensile strength, high elastic modulus and 
high resistance to damage during installation. 
2.2 Mechanism of Geosynthetic Reinforcement in Pavements 
The benefits of using geosynthetics reinforcement in the pavement are thought to be provided 
by the separation, lateral restraint, and/or a tensioned membrane effect of the geosynthetics (Ericks 
& Drescher, 2001; Maxwell et al., 2005; Tingle & Jersey, 2005). Vertical stresses transferred 
through the geosyntheatics reinforced base layer onto subgrade can less than the unreinforced base 
layer pavement due to load spreading over a wider area. Geosynthetics can also absorb shear 
stresses, consequently decreasing subgrade stress. Tensioned Membrane effect of geosynthetics 
occurs in highly deformed pavements. In unpaved roads with large rutting, tension in geosynthetics 
typically causes a vertical resultant counter force which helps the subgrade support higher load 
(Zhang, 2007). 
2.2.1 Geosynthetics for Separation 
One of the most important benefits of geotextile in pavements is separation. The overlying 
granular base tends to lose desired properties when fines from the subgrade migrate into this layer 
due to repeated traffic load. Intermixing at the base course/subgrade interface created weak 
interlayer that causes a reduction of the effective base thickness and layer modulus and that can 
9 
 
lead to structural failure of the pavement system. Placing a geosynthatics layer between the 
subgrade and base creates a separator layer that prevents this intermixing. 
For pavement on weak subgrades, wheel loading movement stimulates fine-grained 
subgrade to mitigate to base course layer. With time and with the movement of the fine particles 
to base course layer, the subgrade becomes weaker and can't support the pavement structure, which 
allows the base course layer to settle. Moreover, wheel loading movement also causes granular 
particles to penetrate the subgrade. As the loading increases, the pavement layers lose stiffness due 
to the loss of thickness of the base course layer. To prevent this problem, we can use geotextile to 





Figure 2-1 Migration of base course particles into subgrade (Berg, 2000) 
2.2.2 Geosynthetics Reinforcement Mechanism 
Previous studies involving geosynthetics reinforcement of base course layer have identified three 
fundamental reinforcement mechanisms: lateral confinement, increased bearing capacity, and 
tension membrane effect. These mechanisms are described below. 
2.2.2.1 Lateral Confinement Mechanism 
The lateral restraint is considered the primary function of geogrid reinforcement, and it 
develops mainly through the shear interaction of the base course layer and geogrid layer or layers 
contained in or at the bottom of base aggregate as shown in Figure 2-2. By laterally restraining the 
soil, four components of reinforcement are potentially achieved. The first component is related to 
direct prevention of lateral spreading of the base course. The cohesion less materials that make up 
the base have little tensile resistance and depends on the subgrade to provide lateral restraint. In 
weak subgrades, very little lateral restraint is provided. Thus, the aggregate particles at the bottom 
of the base tend to move apart. The placement of geogrids layer or layers in the base course allows 
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for shear interaction to develop between the aggregate and the geogrid as the base attempts to 
spread laterally. The interlocking is most likely coming from particles of granular material 
becoming wedged in the aperture of the geogrids as shown in Figure 2-3. Tensile load is effectively 
transmitted from the base course aggregate to the geogrid; since the geogrid is considerably stiffer 
in tension compared to aggregate; consequently, this can reduce the developed lateral tensile strain. 
The second component of the lateral restraint mechanism results from the increase in stiffness 
of the base course aggregate when adequate interaction develops between the base and the and the 
geogrids. The shear stress developed between the base course and the aggregate and the geogrids 
provides increase in lateral stress within the base (Perkins, 1999). This tends to increase in the 
modulus of the base course material. This increase in stiffness of this layer also results in lower 









Figure 2-3 Mechanism of interlock (Wrigley, 1989, Perkins and Ismiek, 1999) 
The third lateral reinforcement component results from an improved vertical stress 
distribution on the subgrade. The presence of geogrid layer in the base can lead to change the state 
of stress and strain in the subgrade. For layered systems, a weaker subgrade material lies beneath 
the base and an increase in the stiffness of base course layer results in an improved vertical stress 
distribution on the subgrade. In general, the vertical stress in the base and subgrade layer directly 
beneath the applied load should decrease as the base layer stiffness increases, such that the vertical 
stress on the subgrade can become more widely distributed as shown in Figure 2-4. Finally, the 
fourth reinforcement mechanisms result from the reduction of shear stress in subgrade soil. It is 
expected that shear stress transmitted from base course to the subgrade would decrease as shearing 




Figure 2-4 Improved Stress Distribution on Subgrade Layer 
2.2.2.2 Increase of the Bearing Capacity Mechanism 
The improved bearing capacity is achieved by shifting the failure envelope of the pavement 
system from the relatively weak subgrade to the relatively stiff base layer as illustrated in 
Figure 2-5. Such that, the bearing failure model of subgrade may change from punching failure 
without reinforcement to general failure with ideal reinforcement. Binquet and Lee (1975) initially 
established this finding. 
2.2.2.3 Tension Membrane Mechanism 
The tension membrane effect develops because of vertical deformation by creating a 
concave shape in the tensioned geogrid layer; this is demonstrated in Figure 2-5. The vertical 
component of the tension membrane force can reduce the vertical stress acting on the subgrade. 
Some displacement is needed to mobilize the tension membrane effect as shown in Figure 2-6.  
Higher deformation is required for the mobilization of tensile membrane resistance as the stiffness 
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of the geosynthetic decreases. For this type of reinforcement mode to be significant, there is a 
consensus that the subgrade CBR should be less than 3 (Barksdale et al., 1989). 
 
 
Figure 2-5 Improved bearing capacity 
 
Figure 2-6 Tension membrane mechanism 
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2.2.3 Subgrade Stabilization 
Geosynthetics used on top of saturated and weak subgrade in conjunction with a base course 
layer to provide working platform and improved the subgrade performance. By placed the 
geosynthetics at base-subgrade interface, the granular materials are compacted over the top of 
geosynthetics layer, the individual particles are stacked and created an enhanced geotextile layer. 
The shear interaction locks the granular particles into a strong position, thus stabilizing the 
subgrade. This stabilization coming from subgrade is loaded from the top layer (base layer), so the 
aggregate geosynthetics interaction are prevented local punching or shear failure. Moreover, the 
failure mode for subgrade soil change from local failure to general failure. 
2.2.4 Geosynthetics Location 
In pavement, the geotextile used in the interface of the base-subgrade can work as a separator, 
by placing the geotextile over weak subgrade. The geotextile can increase the pavement 
performance by increasing the shear resistance at the base-subgrade interface and then decrease 
the shear stress on the weak subgrade. Futrhermore, geotextile can prevent the soft particles to 
immigrate to base layer. Moreover, geogrid can play a role in the base reinforcement. The location 
of the geosynthetics layer is either at the base layer or the base-subgrade interface and depends on 
several factors such as the base layer thickness, geosynthetics tensile strength, applied load and 
subgrade strength. The location of the geogrid reinforcement relative to the base course layer may 
be distinguished as one of the most important factors contributing to the success of the design of 
flexible pavements with reinforced base layer. Hass et al. 1988 summarized the logic of the 
optimum location of the geosynthetics that that can affect the permanent deformations. Rutting 
can be significantly reduced by inclusion the reinforcement near the surface of an unbound base 
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course. Moreover, this is true for high-deformation systems because the initial deformation 
prestresses the reinforcement and allows it to carry tensile load through tension membrane action. 
Before it is tensioned, however, the reinforcement is in a zone of compression, and the initial 
deformation that is required to mobilize the reinforcement is typically greater than tolerable rut 
depth for flexible pavement. Thus, for reinforcement to be active in pavement structure, the 
optimum location must be in a zone of tensile stress during the first load application and remain in 
a tensile zone throughout the design life. Al-Qadi et al. 1994 found that placing the geosynthetics 
at the base-subgrade zone can provide the best reinforcement mechanism. Moghaddas-Nejad and 
Small (1996) suggested that for small loads and thin base course layer thickness of (40 mm), the 
geogrid’s optimal location was in the middle of the base layer. For moderate loads, studies 
indicated that placed the reinforcement in the middle position of a 200-mm-thick base layer 
resulted in better rutting performance than when placed at the bottom (Perkins and Ismeik, 1998). 
Webster 1993 found that for a base layer with a thickness of 350 mm, the optimum geogrid location 
was at the bottom of the base layer. When the geotextile was used at the base-subgrade interface, 
the reduction of the permanent deformation in subgrade was 57% and the reduction in the base 
layer was 3%. For the same geotextile placed at the middle of the base layer, the reduction in 
permanent deformation in subgrade was 31% and the reduction at base layer was 14%. In the case 
of heavier loads, Haas et al. (1988) suggested that the optimal location of geogrids was at the 
bottom of base layers up to 250 mm thick. However, Haas et al. (1988) and Perkins (1999) 
indicated that, for heavy loads and bases thicker than 250 mm, the optimal location was at the 
middle of the base layer. As for very heavy loads, Perkins and Ismeik (1998) indicated that the 
bottom of a 350 mm thick base was a better location than the middle. Haas et al. (1988) showed 
that for the case of weak subgrade underlying a thick base course layer, optimal results were 
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obtained when the geogrid reinforcement was placed within the subgrade. They also suggested 
that for optimal effects, the geogrid reinforcement of flexible pavement should be placed in the 
zone of a moderate elastic tensile strain of 0.05 to 0.2 percent beneath the center of load 
application. Al-Qadi et al. (2008a) concluded based on accelerated testing on full-scale pavement 
sections, that for a thin base course layer, placing geogrid at the subgrade/base course interface 
gives better performance and the geogrid should be placed at the upper third of the base course 
layer for thicker base course layers (≥ 300 mm). 
2.2.5 The Effect of Subgrade Strength 
The geosynthetics location and base thickness depend on the subgrade tensile strength. The 
lower CBR subgrade value (weaker subgrade) can enhance the geosynthetics to start mobilizing. 
Cancelli et al. 1999 showed that geogrid is performed highly and reduces rutting when the CBR is 
less than 3%. Also, Barksdale et al. 1989 mention that geosynthetics performed better when the 
CBR subgrade is less than three. However, Al-Qadi mentions that geogrid does not perform very 
well when the CBR subgrade value is less than 4 and that geotextile can increase the performance 
when the subgrade CBR less the 3. However, for the high subgrade strength (stiff clay) the 
geosynthetics can’t start to mobilize. Several studies show that geosynthetics perform very well 
when the CBR subgrade is less than 1.5 (Perkins at al. 1999). For separation, functional, use the 
geotextile as a separator when the CBR subgrade less than 3 (Holtz et al. 1995). 
2.3 Field Tests (Accelerated Pavement Testing) 
For 30 years, ago the agencies in the United States have been using accelerated pavement 
testing (APT). The full-scale facilities include accelerated pavement testing, by applied a load and 
tire pressure equal to the loading experienced by pavement in the field. The load and tire pressures 
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and tire wheel speed can be variables. Test lane sections were constructed and instrumented to 
examine different materials and configurations. Accelerated loading facility applied loading until 
the lane section of the pavement fails. The lanes sections are instrumented with pressure cells, 
environmental sensors strain gauges, and the data acquisition to collect and analyze the data. APT 
consists of test tracks in a facility, which may be either indoor or outdoor as shown in Figure 2-7. 
It employs the use of an automated one or two axles, single wheel load that is repeatedly run over 
the surface of the test track. It provides a good simulation of the performance of in-service 
pavements and can give a rapid indication of pavement performance under more severe conditions.  
 
Figure 2-7 Accelerated rolling wheel load facility 
2.3.1 Repeated Loading Triaxial Tests 
RLT tests are typically conducted to determine the properties of granular materials under 
repeated loading tests that significantly influence the structural response and performance of 
base course layers under traffic loading as shown in Figure 2-8 Triaxial testing machine. In these 
tests, a repeated axial cyclic stress with a haversine shaped load pulse and fixed magnitude is 
applied to 150mm diameter cylindrical samples. The resilient and permanent deformations of 
the samples can be measured during this test to calculate the resilient and plastic strains, 
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respectively. During RLT test, cyclic deviator, and confining stresses along with vertical 
deformations were recorded. 
 
Figure 2-8 Triaxial testing machine 
2.3.2 Laboratory Field Studies 
Because the full-scale tests are very expensive, several studies used the lab test because it 
is quick and cheaper than the full-scale test. Several studies were available that used two types of 
test facilities. The first is the cyclic plate load test which is designed to measure pavement 
performance with the large-scale indoor testing facility. Most studies used either a steel box or a 
concrete box. (Hass et al. 1988, Miura et al. 1990 AL-Qadi et al. 1994-1995, Nejad et al. 1996, 
Perkins et al. 1999, Ling et al. 2002, Yu Qian et al. 2010, Abu Farskh and Chen, 2010). The second 
test used pit or track test with rolling wheel movement. (Barksdale et al. 1989, Cancelli et al. 1996, 
Collin et al. 1996, Perkins at al 2004, Jersey et al. 2011). The model pavements were constructed 
in a pit with reinforced concrete walls, however, (MMLS3) is limited to testing scaled pavement 
structures to achieve similar stress distributions as full-scale APT in a pavement system (Xiaochao 
et al. 2011). 
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 Several studies used geosynthetics in the flexible pavement. Barksdale and Brown (1988) 
performed large-scale tests to measure the benefit of using geosynthetics in the pavement by using 
two different thicknesses of hot mix asphalt of 25 and 38 mm and two different thickness of 
aggregate 150 and 200 mm with subgrade strength (CBR) of 2.5% and 6.7 KN moving single 
wheel load. They conclude that geosynthetics must be placed in the middle of the base layer with 
stiff geogrid.  
Other work done by Webster (1993) used geogrid for aircraft with HMA thickness of 50 
mm and base course thickness of 150 to 450 mm. CBR values ranges between 3-8. The two 
locations for the geogrid was selected at the middle and the bottom of the base layer. The wheel 
load value was 130 KN, and they proposed that the performance of using geosynthetics in the 
pavement was dependent on geosynthetics location. Geogrid at the base course–subgrade interface 
provided better performance than placed at the middle of the base course. 
Collin et al. (1996) performed four full-scale test sections to study the performance of 
including geogrid reinforcement in pavement sections. The HMA thickness was 50 mm, and 
different thicknesses of the base layer ranges from 180 mm to 290 mm and CBR for subgrade was 
1.9%. The tire pressure was 550 kPa and TBR ranges from 2.2 to 4.8. 
Small et al. 1996 used test tank with dimensions of 1.4m x 0.5m x 0.4m. Two bogies with 
tire diameter of 230 mm and one-quarter of the size of the full scale with a tire pressure of 210 
kPa and contact area were 245 mm. Tests performed on a one-quarter scale with a thickness of 
the wearing course, base course and subgrade was 20 mm, 40 mm and 2000 mm respectively. 
Geogrid was placed at the bottom of the base layer and at the middle of the base. They found that 
the permanent deformation of the base layer was reduced by the effect of geogrid base 
interlocking, also the middle location of the geogrid performed better than the bottom location. 
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The reinforced section at the middle of the base and the bottom of the base had less permanent 
deformation than the unreinforced section by 70% and 40% respectively. Placing the geogrid at 
the middle of the base was the most effective in pavement settlement. Miura et al. 1990 used a 
concrete box of 150 cm x 150cm x 100 cm with subgrade properties specific gravity, wc%, 
liquid limit and plastic limit of 2.65, 12.9%, 17%, and 39% respectively. The thickness of the hot 
mix asphalt layer, base layer and subgrade were 50 mm, 150 mm, 200 mm and 600 mm 
respectively. The first section is unreinforced, the second section has a SS2 polymer grid on the 
top of subbase, the third section has a SS2 grid on the top of subbase and the fourth section has a 
SS3 grid on the top of the subgrade. For model two, they prepared three sections with the first 
section being unreinforced. The second section has a SS1 grid on the top of the subgrade and 
subbase, and the third has a SS1 on top of subbase and in the base. A cyclic load of 200 KN/m
2 
and frequency of 0.18 Hz (4 seconds loading and 2 seconds unloading) was applied with a 200 
mm diameter load plate. They found that surface settlement of the layer grid section is less than 







                  Figure 2-9 One layer grid (Miura, 1990) 
They considered 5 mm as the critical settlement for the asphalt layer and the number of cycles 
to reach that limit for test I.4 is from 2500 to 7500 cycles. For test I.2, the number of cycles was 
10500 and for the test, I.3 was 20,000 respectively. From these results, they found that section I.3 
with ss2 on top of the subbase was more effective than the other sections. Figure 2-10 showed the 
accumulative settlement was less than 50% for the unreinforced section, and the polymer grid 
located at the subgrade is much more effective than the other locations. The interlocking effective 




Figure 2-10 Two layer grid (Miura, 1990) 
Miura et al. 1990 constructed a 300 m long test road that divided into six sections. CBR 
for the subgrade was 6% for sections 1, 4 and 5 and 4% for sections 2, 3 and 6. After six months’ 
sections 4 and 5 performed better than sections 3 and 6 were. Section 5 with ss2 grid on the subbase 
was better than other reinforced sections. They also found that one layer grid is comparable in 
functionality to a base with 10 cm of base thickness. 
Al-Qadi et al. 1994 constructed four different pavement sections in a concrete testing pit 
with dimensions of (3.1 m x 1.8 m x 3.1 m). One section built without geosynthetics reinforcement 
(control section), and two sections were built with geotextile and geogrid. Subgrade was A-4 soil 
with fines contents of 40 to 47 percent. Base course aggregate had a maximum dry density of 2.3 
g/cm3 at an optimum water content of 6.3%. The biaxial geogrid and two types of geotextile were 
used in this experiment. Also, 1.22 m of subgrade was prepared and constructed at 4% CBR with 
200 mm thickness for each lift with water content between 12.2% and 12.8%. The research group 
placed the geosynthetics layer and built the base course layer with a density of at least 95% of 
maximum dry density. HMA was built with compacted density of 2.16 g/cm3. 40 kN applied load 
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on the pavement asphalt was distributed through a 300 mm steel plate. After excavating and 
observed the displacement, that total deformation was occurred in the subgrade. They conclude 
that geotextile prevent the fines from migrating to the base course layer, and the geotextile can 
provide substantial separation between subgrade and base layer.  
Al-Qadi et al.1994 a 150 m secondary road was built to understand the behavior and 
performance of using geosynthetics in the pavement. The secondary road divided into 9 parts, and 
each part was 15 m long. They designed sections 1-3 with a 100 mm thick base course, section 4 
to 6 with 150 mm base course and sections 7 to 9 with 200 mm base. Three sections were stabilized 
with geotextile, three with geogrid at the base-subgrade interface and the other three sections 
considered as control sections. The main objective of this study is to observe the long-term 
performance of using geosynthetics in the pavement. They found after seven years of observations 
that the reinforced section performed better than control section and the significant of 
geosynthetics decreased with increase in base layer thickness. FWD performed before and after 
they analyzed the data they found that the base course section reinforced with geotextile provided 
a lower base damage index (BDI) by half of the control sections. 
Collin et al. 1996 used a test facility of 1.2 m deep, 2.4 m width and 14.6 m long. Two of 
four sections were constructed with a stiff geogrid at the interface between base and subgrade. The 
third section was constructed with a stiff double layer of geogrid, one layer placed at the base-
subgrade interface and the second layer placed in the base course layer. The fourth section was 
controlled section. Dry unit weight and water content for the subgrade was 16 KN/m3 and 21% 
respectively. CBR ranged from (1.6-2.7) with an average of 1.9. The maximum dry density and 
water content for the aggregate were 22 KN/m3 and 7% respectively. The load applied from a 
single tire with an inflated tire pressure of 550 kPa and diameter of 1.05 m with 20 KN load applied 
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in the reverse direction speed of 1.2 m/s. Geogrid A with 5% secant modulus MD/XD of 211/277 
(KN/m) and geogrid B with 5% secant modulus of MD/XD 320/305 (KN/m). The results showed 
that the 1800 mm base (control section) had the highest deformation (47 mm at 1014 cycles). After 
1014 cycles the performance of both reinforced (geogrid A and geogrid B) were similar. The 235 
mm thick base layer provided less deformation when comparing with the 1800 mm control section 
and the results showed that it took 38, 348 cycles to reach 47 mm. TBR for geogrid A and B was 
3.3 and 10 respectively. Hass et al. constructed a pavement layer in a rectangular box (15 ft x 6ft 
x 3ft) with HMA layer thickness of 3 and 4 inches. The cyclic load was 9000 lb., with an applied 
pressure of 80 psi. Two pressure cells were placed at 1.5 inches in subgrade; the first was placed 
directly under the center of the plate and the second was placed at the edge of the plate. They used 
beach sand as subgrade which was a well-graded aggregate with an optimum moisture content of 
6% and 146 lb/ft3. For loop 2, reinforcement at base reduced the stress on subgrade by (22 to 23%) 
from the first load to 10,000 cycles. At 10,000 cycles the permanent deformation was (0.8 and 
0.46) for control and reinforced section. At 150,000 cycles the reduction in vertical stress due to 
reinforcement was 12%, and permanent deformation was (2.7 and 1.9 in). For loops 4 and 6, the 
CBR was equal or less than one. The results showed that the stresses on the subgrade didn't reduce 
until tensioned membrane force was taken up by the reinforcement. The optimum location for the 
thin base layer was at the base-subgrade interface and for the thick base layer the optimum location 
is in the middle portion. There are no benefits to place the geosynthetics near the top of the base 
layer. The optimum geogrid location is placed in a zone of moderate elastic tensile strain, and the 
maximum permanent strain in geogrid should not exceed 1 to 2%. Nejad et al. 1996 performed 
three test sections. Tire pressure was 210 kPa (30 psi), and contact area was 245 cm2. The range 
of densities ranged between 1380 Kg/m3-1490 Kg/m3. The subgrade was well-graded sand with 
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less than 1% fines, with a minimum density of 1440 Kg/m3 and maximum density of 1690 Kg/m3. 
SS2 geogrid strength with strain of 2% was 12 KN/m. Tests performed on a one-quarter scale with 
a thickness of wearing course, base course and subgrade of 20mm, 40 mm and 2000 mm 
respectively. The location of geogrid for section M1 was at the bottom of the base layer. For S2 
the geogrid location at the bottom of the base and for M2 at the middle of the base course. Results 
showed that using geogrid can decrease the rutting. Placed geogrid at the middle and the bottom 
of the base reduced the permanent deformation more than the unreinforced section by 70% and 
40% respectively. Placed geogrid in the middle of the base was most effective in pavement 
settlement due to interlocking and lateral reduction of the base course particles in the region of 
reinforcement. 
Perkins (1999) constructed a large-scale experiment with 21 test sections in a concrete test 
box. This facility was designed to simulate the actual pavement layers like regular pavement 
structure. The cyclic load was fixed maximum load of 40 KN to simulate wheel movement. Several 
kinds of instrumentation were used; LVDT (Linear variable differential transformer) was used to 
observe permanent deformation on asphalt layer surface. Asphalt strain gauges were used to 
measure tensile strain in the bottom of the asphalt. Load cells were placed in the base course and 
subgrade layers to measure stress at specific locations (critical spot). Foil strain gauges were 
mounted to geogrid and geotextile to measure the strain during cyclic loading. For all the results, 
they clearly observed the effect of reinforcement on rutting behavior. Figure 2-11 show that the 
geosynthetics products give more performance as measured by rut development, and shows that 
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section cs6 (geotextile) the performance is like the unreinforced section for permanent deformation 
and began to perform better than the control section. 
 
Figure 2-11 Permanent deformations with number of cycle 
Geogrid products showed more improvement than geotextile and the position of geosynthetics 
placement provided a significant impact on pavement performance. Figure 2-12 shows that section 




Figure 2-12: TBR for sections CS5, 6, 7, 9 and 11 relative to CS2 
From the results, inclusion of geosynthetics can prevent lateral movement of the base 
aggregate. Results also showed that significant rutting is developed exactly beneath the load plate 
where the maximum lateral movement of the base aggregate occurred. There is an improvement 
of vertical stress distribution on the top of subgrade for the reinforced sections. Less lateral strain 
generated at the top of the subgrade and this concluded less shear transfer to subgrade. Stiff geogrid 
performed better performance, and higher TBR was noticed for reinforced sections with geogrid. 
A comparison between the reinforced section with 300 mm base thickness to an unreinforced 
section with 375 mm showed that reinforced section performed better the unreinforced, and 
reinforcement allowed at least 20% reduction in base layer thickness. 
Abu Farsakh and Chen, 2010 used a steel test box with dimensions of 2m(length) x2m 
(width)x1.7 m(height) to construct pavement test sections. Furthermore, study the benefit of placed 
geogrid in the base layer to examine the effect of aperture, shape, tensile modulus and location of 
geogrid. The load applied by a hydraulic actuator with maximum load 40 KN and with the pressure 
of 550 kPa. They used a linear load from 500 lb. to 9000 lb. in 0.3 sec with a constant load of 40 
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KN followed by a linear line load decreasing from 40 KN to 2.2 KN in 0.3 sec and followed by 
0.5 sec relaxation period with 2.2 KN load. 
19 mm HMA design level with asphalt binder PG 76-22M and AC 4.1 % and Kentucky 
crushed limestone for the base course layer were used in the experiment. The subgrade was 
classified as C-l, A-6, which contained silty clay. The liquid limit (LL) was 31; PI was 15 with 
maximum dry density 1670 Kg/m3 and optimum moisture content was 18.75%. They built base 
layers in the box with 152 mm thickness and the target dry density for the subgrade was 1600 
Kg/m3 with WC of 22% and target CBR was 0.5. The base layer was compacted with 152 mm 
thickness and target dry density was 22 Kg/m3 with WC of 6.6%. 
Nine tests sections were constructed with different types of reinforcement. Two control 
sections, two reinforced sections with geogrid placed at the middle of the base course layer, four 
reinforced sections with geogrid layer placed at the base-subgrade interface and the last section 
had geogrid reinforcement placed at the upper one-third of the base layer. 
The permanent deformation was calculated by averaged the two LVDT on the top of the 
loading plate. It is clearly shown that the rut depth increased fast at early stages of loading and the 
rate of rut depth decreased at the later stages of load cycles. There is a clear difference in the 
surface deformation where they found that the reinforced section is much better than the 
unreinforced section at 30,000 loading cycles as the total deformation decreased from 26.2 mm for 
unreinforced to 16.4 mm for CG4 triaxial geogrid placed at the upper one-third of the base layer.  
Geogrid with higher tensile modulus performed better than the geogrid with less tensile 
modulus, and they mentioned that an increase of tensile modulus can increase the performance of 
the pavement. Moreover, they did not find an actual relationship between aperture stability 
modulus and pavement performance. Comparing GG1 and GG2, they made from similar materials 
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and the same aperture shape, but GG2 geogrid reinforcement performed better than GG1 geogrid 
reinforcement. Figure 2-13 shows the effect of geogrid location with permanent deformation and 
the best geogrid location performance was placed at one-third of the base course thickness. 
 
Figure 2-13 Effect of geogrid location with permanent deformation 
The next section had geogrid placed at subgrade–base layer interface and the last section 
performed had geogrid placed at the middle of the base layer. They found that the benefit of using 
reinforcement in the upper one-third redistributed the load at shallow depth to a wider area. To 
improve interlocking between geogrid and limestone at the upper one-third of the base course layer 
they included geogrid between two loose layers and then compacted those two layers. This process 
helps to mobilize the base-geogrid interlocking with geogrid apertures. 
Yu Qian et al. (2010) constructed four test sections under cyclic load with weak subgrade 
and a new type of triangular geogrid. Three different triangular apertures with different modulus 
and stiffness were used in this experiment. Kentucky limestones used with specific gravity (Gs) 
2.69, liquid limit  20, plastic limit 13, mean particle size 7.0 mm, max dry density 2.08 g/cm3 and 
moisture content 10.2%. The subgrade used was mix soil composed of 75% Kansas river and 25% 
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kaolin by weight. The max dry density was 2.08 g/cm3 with moisture content 10.8%. The CBR 
was 20% and 2% for base course and subgrade respectively. 
The permanent deformation increased with the number of cycles and increased at a lower rate 
for reinforced sections in comparison with unreinforced section. The high stiffness (T3) of geogrid 
is more resistant to permanent deformation than T1, T2, and unreinforced section. Additionally, 
permanent deformation was the same at the beginning of cyclic loading and increased with the 
number of cycles, Figure 2-14 shows a clear idea that geogrid was not mobilized at small 
deformation. 
 
Figure 2-14 Permanent deformations of loading plate versus the number of cycles 
They mentioned that the improvement factor at 75 mm for T1, T2 and T3 were 1.5, 2.6 and 
1.3 respectively. For vertical stress, they measured at four different distances from the center at 0, 
25, 50 and 75 cm. Figure 2-15 shows that maximum vertical stress rate increased faster for the 
unreinforced section, and when used thick and high mechanical property geogrid the maximum 
vertical stress increased more slowly. The lower vertical stress in reinforced base section was 




Figure 2-15 Maximum vertical stresses at interface between base and subgrade 
McCartney and Cox 2010 conducted a study of sixteen sections and included different types 
of geosynthetics and two base course thicknesses. They used cyclic plate tests by using a shaker 
on low volume to measure the deformation behavior during dynamic surface loading. They used 
several types of instrumentation such as H-type asphalt strain gauges, Geokon 3500 earth pressure 
cells, foil strain gauges for geosynthetics, TDR, thermocouples and strain gauges to determine 
stress and strain distribution in pavement layers with different environment changes. For the 
subgrade, the PI, dry unit weight density, and CBR were 42, 18.6 KN/m3 and 1.5% respectively. 
They used an average thickness of HMA layer of 59 mm and two different thicknesses for base 
aggregate layer. The crushed stone base course was used for section 1b to six with a thickness of 
250 mm and section 8 to 13b used a 150 mm base thickness. They used woven, non-woven 
geotextile and geogrid and all the geosynthetics were placed at the subgrade base interface. They 
performed the average shear wave velocity of the three layers (HMA, base layer and subgrade) 
using spectral analysis of surface wave. Figure 2-16 shows the rutting on the surface for the geogrid 
reinforced test section as a function of number of loading cycles for all nine LVDTs. They 
concluded that sections 1a and 13a provided higher stiffness than other sections. The other 
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reinforced sections with lower stiffness might cause by construction variability. Also, they 
mentioned that Poisson’s ratio of the base layer was found to be a very important parameter to 
study the effect of geosynthetic reinforcement on the base lateral confinement. 
 
Figure 2-16 Surface deflection with number of loading cycles. Cox 2010 
Christopher et al. (2009) studied pore water pressure and how it affected the subgrade when 
used in a pavement box test section. In the empirical design of geosynthetics, they assumed that 
the subgrade is saturated with undrained behavior and traffic loading. During loading, the excess 
pore water pressure of the soil increased which can be used to model the strength of the soil during 
trafficking. In previous literature, it is noted that pore water pressure measurement is directly 
related to geosynthetics performance which means the largest amount of cycles the highest amount 
developed pore water, also geosynthetics vary with both subgrade type and condition. 
Geosynthetics influence pore water pressure by reducing stresses in subgrade when permeability 
in subgrade is less than the permeability of base layer. The subgrade soil was sandy silt (ML-MH) 
with max dry density of 97 lb/ft3, optimum moisture content 22%, the material placed at moisture 
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content 36%, dry density of 85 lb/ ft3, CBR of 1% and strength by vane shear test 30 kPa (620 psi). 
For base, course maximum unit weight of 145 lb/ft3 with optimum moisture content 5.4%. 
Figure 2-17 shows that pore water pressure measured in the control section was higher than 
the geotextile test section. Also, the strength of the soil is the same for both the control and the 
other geotextile section. Also, subgrade strength was reduced during loading with significantly 
higher pore water pressure occurred in the control section. 
 
Figure 2-17 Pore water pressure development in the test sections 
After construction, undrained shear strength was 30 kPa and excess pore water pressure was 
28 kPa. From subgrade testing, the elastic modulus was between 5.5 to 6.9 Mpa before testing. For 
reinforced sections, excess pore water pressure was 7 kPa. They used lower subgrade modulus as 
input in the mechanistic model for the subgrade. Figure 2-18 shows predicted results for rutting 
with load cycles for reinforced and unreinforced sections.  They found that predicting rutting from 
the reinforced model is greater than found in the reinforced test section and it is clearly less than 




Figure 2-18: Unreinforced and reinforced rutting predictions and comparisons 
Jersey et al. 2011 constructed three different test sections. Subgrade classification was CH 
with CBR of 3% over compacted silt ML with CBR of 8-10 %. Section A was prepared with 
geogrid at the subgrade base interface and sections B, and C did not have a geogrid layer. Base 
thickness was 8 inches, and asphalt thickness for section A and B was 2 inches in while thickness 
for section C was 3 inches. A triaxial geogrid used in this study had a radial stiffness at 0.5% 
strain of 300 KN/m. For control section B, they used a dual wheel single axle with a load of 
10,000 lb. and contact pressure of 88 psi. For section A and C they used dual-wheel tandem with 
a load of 20,000 lb. with a contact pressure of 120 psi. Figure 2-19 shows that rutting in sections 
B and C were higher than the reinforced section. 
Section B with 2 inches’ asphalt was the weaker section followed by the unreinforced section 
with 3 inches and the best section was with geogrid. From FWD they found that impulse stiffness 
(ISM) which is equal to the ratio of applied load to measured plate deflection. Figure 2-19 indicated 
that the rutting occurred more rapidly in Items B and C (the unreinforced items) than in the 




Figure 2-19 Accumulation of rutting at selected traffic levels. 
Xiaochao et al. 2011 used accelerated loading on a fabricated lab slab using one-third load 
simulator (MMLS3) with four tires and 2.7 KN load for each tire with a tire pressure of 621 kPa. 
Four types of geogrid were used in this study. Geogrid A and D are composed of high tenacity 
polyester multifilament yarns; geogrid B was fabricated from woven polypropylene and geogrid 
C was made from extruded PP. The subgrade used for this study was silty sand with optimum 
moisture content and maximum dry density of 10% and 2066 Kg/m3. The dense grade base course 
used had an optimum moisture content and maximum dry density of 3.9% and 2329 Kg/m3. The 
HMA layer had a specific gravity of 2.51. Two sets of sections were constructed, APT I and APT 
II. APT I had a CBR of 3% and the thicknesses of the base layer and HMA were 6.6 cm and 3.8 
cm respectively. APT-II had a CBR of 1.5%, and the thicknesses of the base layer and HMA were 
6.6 cm and 3.8 cm respectively. They found that lower rutting occurred with the best interaction 
between geogrid and aggregate and because of the subgrade strength value. For APT II the sections 
reinforced with geogrid performed better than the control section, several inconsistent of the data 
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from the variation of air void of HMA. A trench showed that geogrid cannot separate the fine 
subgrade and the base material. The surface rutting for each section shown in Figure 2-20 is the 
average of the measurements taken at the six different locations within each section. 
 
Figure 2-20 Surface rutting with load applications: (a) APT III; (b) APT IV, Tang 2011. 
Cancelli, 1999 constructed a 210 m long road 4 m wide, with three silty clay soils with CBR 
values of 1, 3 and 8%. For the base layer, the thicknesses ranged between 0.3 m to 0.5m. For all 
the sections, the HMA layer was 75 mm thick, and they used a standard truck with a double wheel 
rear axle loaded of 90 KN and a single front axle loaded of 40 KN. The tire pressure was 800 kPa, 
and the truck speed was 20 Km/hr. From the experiment results, the author mentioned that the 
reinforced section with 300 mm base performed as well as the unreinforced section with 500 mm 
gravel base. Also, the multi-layer geogrid reinforcement can be mobilized at a small rut depth than 
place the geogrid at a single layer. The percent of rutting reduction for reinforced and unreinforced 
sections increase with the reduction in subgrade strength. The percent reduction in the permanent 
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deformation between unreinforced and reinforced sections increase with decrease subgrade CBR, 
as shown in Figures 2-21 and 2-22. 
 
Figure 2-21 Maximum rut depth vs. ESAL at CBR 1% and T=500 mm. 
 
 
Figure 2-22 Maximum rut depth vs. ESAL at CBR 8% and T=300 mm. 
Perkins and Cortez 2004 constructed and instrumented a test sections with 19.82 m long, 0.36 
m wide, and 3.66 deep and divided it into four equal lanes with 9.9 m length and 3.18 m width. 
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The wheel load was uni-directionally with a wheel applied at 6.09 m and speed of 13 km/hr with 
inflated tire pressure of 690 kPa. The thickness of the sections was 75 mm for the asphalt layer, 
300 mm for the base layer and the subgrade with AASHTO classification of A-7-6. The density 
and moisture content for sections 1, 2, 3 and 4 were (14.7, 28.2), (14.7, 28.1), (14.8, 28.3) and 
(14.8, 27.9) respectively, and the CBR for subgrade was 1 %. Results showed that all geosynthetics 
placed at the base-subgrade interface can reduce the horizontal strain in the bottom of the base 
layer and at the upper part of subgrade by distributing the vertical stress over a wider area. They 
mentioned that poor performance for the reinforced section was because of pore water pressure 
that decreased the strength of the subgrade. The reinforcement in CRREL3 was lower than the test 
done in the box. The TBR for section CRREL4 with geogrid BX1200 was 31.5, 56 and 6.4 for 
values of the full scale, box testing, and Perkins model respectively at 25 mm rut depth. For section 
CRREL3 with geogrid BX1100, the TBR was 10, 17 and 4.9 for values from full scale, box testing, 
and Perkins model respectively at 25 mm rut depth. Also, for section CRREL3 with geotextile 
Propex 2006 was 9, 8.5 and 17 for values from full scale, box testing, and Perkins model 
respectively at 25 mm rut. 
Al-Qadi et al. 2008 constructed nine pavement sections with three categories. The first 
category included 203 mm base layer and 76 mm of HMA with one control section and two 
reinforced sections with geogrid. The second category included 76 mm and 127 mm thickness of 
HMA with 305 mm base layer thickness. The third category included 76 mm of HMA and 457 
mm base layer thickness. The position of the geogrid was at the base-subgrade interface whereas 
for the third category, reinforcement was placed at 153 mm below HMA. The pavement test 
section was 26 m long with unidirectional loading to simulate field loading with two tires at a 
speed of 8 and 16 km/h, three tire pressures of 550, 689 and 759 kPa and three wheel loads of 26, 
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35 and 40 kN were used in the test experiment. Subgrade CBR was less than 4%. They used two 
kinds of instrumentation; one for temperature, moisture and pore water pressure and the second 
for loading effects such as pressure, strain, and deflection. The Geokon pressure cells used on top 
of the subgrade with capacity up to 414 kPa, two types of LVDT; TDR used to measure the 
volumetric water content of the subgrade soil and two Geokon 3400 piezometers used to measure 
pore water pressure. ATLAS machine facility was used to apply a load of 44.5 KN per half axle at 
8.1 Km/h. They tested tire offset, and the responses are low when taking 457 mm offset and they 
found the maximum response from the pressure cell and the LVDT in the bottom of the dual tire 
and for HMA the higher response was obtained under tire edge. For the effect of tire load, they 
found the pressure at the top of the subgrade was the highest in cell A (thin base layer thickness) 
and lower in cell D (thick base layer thickness) and the lowest pressure exhibited was for the 
double reinforced section and thick HMA. Deflection in the 203 mm base is about three times the 
deflection in thicker bases (305 and 457 mm). The HMA strain at the bottom of the HMA layer 
was affected by the thickness. Low strains were associated with thick asphalt layers, and they also 
mentioned that as base layer thickness or stiffness increases the HMA strain decreases. The base 
reinforcement was also shown to have a partial effect for the intermediate and thicker base 
pavements. They also found that the higher the speed, the lower the tire effect on pavement. 
Vertical deflection and HMA strain were lower at 16 Km/h compared to 8 Km/h because as speed 
increases the loading time decreases and the speed influence tends to diminish as base thickness 
increases. As the tire pressure decreases the tire contact area increases and the response on the 
pavement decreases. The effectiveness of geogrid very clearly affects a thick layer with improved 
pavement performance by 45, 28 and 22% for cells D, B/C and A. The optimal geogrid location 
for cell A(203mm), B/C (305 mm) at base-subgrade interface and thick base (457 mm). The one-
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third thickness of the base layer is optimal because geogrid reduced the shear flow of granular 
materials and additional geosynthetics at the interface (subgrade–base layer) could add more 
stabilization to the pavement. For pavement with base layer less than 300 mm, increasing HMA 
thickness will be more effective than including geogrid reinforcement. 
Cuelho et al. (2011) designed and construct ten sections with two control sections and the 
remaining sections were reinforcement with geosynthetics. For these sections, they removed the 
existing pavement and base course layer and redesigned the subgrade to get a weak soil. The new 
artificial subgrade soil was classified as A-2-6 (AASHTO). They used vane shear test to observe 
the in-place shear strength and DCP to monitor subgrade strength. For all the sections, they 
performed vane shear test and DCP before and after trafficking, and they found the in-situ strength 
for subgrade after trafficking was lower than the strength of construction which was due to water 
added to the soil. The base course thickness was 20 cm and they determined by using a design 
curve for tandem (dual)-wheel load (550 kPa tire pressure) the 80 KN for each axle with three-
axle dump trucks at a speed of 15 KM/hr. Trafficking was stopped when the rut depth reaches 100 
mm, and they need 40 truck passes to get an average of 10mm rut (with a one-week period).  
There are three variables to compare between test sections: subgrade strength, base course 
thickness, and properties of geosynthetics. They found at 50 mm rut, the integrally formed biaxial 
geogrid performed the best and welded geogrid was average. At 75 mm of a rut depth, the welded 
geogrid, and the polymer coated woven performed the best. For 100 mm rut depth, the welded 
geogrids performed the best, the two-woven geogrid and the stronger integrally formed geogrid 
performed slightly worse than the first group. The woven geotextile test section performed somewhat 




They found that the main reason that the woven geotextile performed inadequately, because 
it pulled out from the edge during wheel loading. This kind of geotextile has an approximately 
smooth texture that required more development length to assure that it was anchored in the soil 
closed to the rutting area. The non-woven geotextile performed inadequately, because it has less 
tensile strength in the cross-machine direction than the other products which tends to make these 
kinds of products less effective at reinforcing the rutted area through the membrane effect. For the 
integrally formed geogrid, the reason behind the weakened performance is because it ruptured in 
the machine direction in both ruts which reduced the strength to carry the load in the cross-machine 
direction. They mentioned reasons for premature failure such as the strength of the artificial 
subgrade, in place strength of base course and higher tire pressure in the test vehicle compared to 
the tire pressure used to formulate the design methodology. 
Henry et al. 2009 constructed and instrumented eight sections with dimensions of (7.92 m 
long x and 3.2 m wide x 2.44 m deep). The soil classification is (ML) or (A-4) and base material 
was unbound crushed stone (A-1). They used BX 1200 geogrid, and it was installed at the base-
subgrade interface for all sections. Several instrumentations were used in this study to measure 
deformation, stress, moisture, and temperature. The heavy vehicle simulator (HVS) is 23 m long, 
3.7 m wide, 4.1 m high, and traffic can move either unidirectional or bidirectional. In this study, 
they moved in only one direction with a speed of 12.9 km/hr and a tire pressure of 689.5 kPa. 
They found that that the value of the subgrade modulus is increased after completing 
trafficking which means that the stiffness is time dependent, and the base layer indicated that 
stiffness increased after trafficking. For rut depth, defined as a difference in elevation between the 
centerline of the wheel path and fixed points 600 mm away from the wheel path centerline. Table 
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11 shows the rut depth for each section, and they found that permanent deformation of asphalt 
layer was 3-5 mm. 
Table 2-1: Summary of final measured rut depths, surface deformations, and TBR values for each 
test section 
 
For test sections (1-4) the maximum deformation was found at the top of the subgrade layer, 
and there was also significant deformation at the base layer as shown in Figure 2-23. The modulus 




Figure 2-23 Vertical deformations for Test Sections 1-4 with 300 mm base course 
For sections (5-8) the base thickness was 600 mm and the major deformation at the AC layer 
and the upper 300 mm of the base layer as Figure 2-24. 
 
Figure 2-24 Vertical deformations test Sections are 5-8 with 600 mm base course. 
They found that there was no difference in deformation of the asphalt layer between the 
reinforced and unreinforced control sections. The test section with 300 mm base has deformation 
of 40-60% of the unreinforced section. They mention that the increase in AC thickness from 100 
mm to 150 mm gave the same result as using geogrid reinforcement for a section with 300 mm 
thick base layer. The elastic strain is larger in the upper portion of the base and the subgrade and 
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decreased with depth. For the base layer, they found that vertical strain at the top of the base layer 
was 1200 to 1800 micro strain. However, the strain was from 500 to 1000 microstrain at the bottom 
of the base layer. For the subgrade, the top of the layer ranged from 600 to 1200 microstrain and 
the bottom of the subgrade ranged from 200 to 500 microstrain. They mentioned that vertical strain 
is less when the base layer thickness increases. Moreover, vertical strain at the subgrade is less 
when the base layer thickness increases. Sections 3 and 4 (reinforced sections) had a larger vertical 
elastic strain in the base and subgrade than sections 1 and 2. They found that strain in the transfer 
direction was less than in the longitudinal direction because shear stress occurs in the transverse 
direction and enhances the tension stress in the transverse direction of the geogrid. The results 
showed TBRs of 1.3 to 1.4. No benefit observed for the test section with 600 mm thick base and 
150 mm thick asphalt layer. 
White et al. 2011 used four test sections with a control section, two different types of geogrid 
and non-woven geotextile and all the geogrid fabric was placed at the interface. The subgrade CBR 
(2 to 3) with 300 mm thick of base layer (crushed limestone). The resilient modulus for subgrade 
was between 3000 to 4500 psi. They calculated CBR by DCP data after they compacted the 
subgrade and they installed EPCs at a depth of about 200 mm below the top of the subgrade to 
observe the vertical and horizontal stress. The loading was from an 18-ton single axle truck with a 
tire pressure of 690 kPa and speed of 5 km/hr. 
Sagliebfar et al. (2015) used an accelerated loading facility with a 12.8 m loaded area.  The 
load applied was 80 KN with a tire pressure of 620 kPa and Machine speed of 11.3 km/h. Subgrade 
had an AASHTO classification of A-7-6, maximum dry density, and optimum moisture content 
was 1.61 gr/cm3 and 21% respectively. The target CBR was 2.6%. The base course layer was well 
graded, maximum dry density and optimum moisture content were 2.13 gr/cm3 and 10.2% 
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respectively. Three different types of geotextile were used in this study. 8 sections with different 
configurations were constructed and instrumented for this study with two sections considered as 
control sections. After 250,000 passes they found that the unreinforced section A, with a base 
thickness of 305 mm, has lower rutting than the other sections. However, at 250,000 passes they 
found that section C with geotextile Rsi 380i and thickness of 229 mm was equivalent to section 
A. For sections B and D, they found after excavating the sections that the excessive rutting came 
from the rupture as shown in Figure 2-25. 
 
Figure 2-25 Average rut depth 
2.4 Design Methods 
2.4.1 Introduction  
In pavement applications, geosynthetics have been a satisfactory solution to reinforce the base 
later. However, the lack of knowledge of design methodology considered as an obstacle to 
introduce the complete picture for design geosynthetics in the pavement. The current design that 
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each manufacturer defines the requirements of their materials per the specific conditions of each 
project. The current procedure has not allowed the benefits of this technology to be employed in 
pavement design. The effective application of geosynthetics promotes their abilities and makes 
preliminary designs for defining technical requirements according to each type of product. Because 
of this process, it is presented to the methodologies of design engineering for reinforcement on 
pavement with geotextiles and geogrids. 
In this chapter, the available reinforced base layer design methods were investigated and 
demonstrated. These methods investigate the base course reduction and the prolong the life of 
pavement structure. This work focuses on the description of each of the design process, the 
AASHTO 1993 and methodology using geogrids procedure studied for years. Finally, the analysis 
was performed to compare the benefits of using geosynthetics based on our experiment tests 
sections. 
The design of geosynthetics in flexible pavement are discussed in several previous 
publications (Holtz et al., 1998; Berg et al., 2000; AASHTO, 2001; Perkins et al., 2005a; Gabr et 
al., 2006; Holtz et al., 2008 ; AASHTO Standard R50-09 and AASHTO R50-09 2014b.). American 
Association of State Highway and Transportation Officials (AASHTO) has accomplished several 
designs publications regarding the use of geosynthetics for reinforcement of bases in flexible 
pavement structures. The first method is AASHTO PP 46 published in 2001, and the second 
method AASHTO R-50 (2009) from the FHWA geosynthetics design and construction guidelines 
(Holtz et al., 2008), and the third AASHTO R50-09 (2014b) which is an updated version for the 
current method. These methods used the AASHTO (1993) designated to conduct the use of 
geosynthetics by incorporate the structural contribution caused by placing a reinforcement both at 
the base subgrade interface. Berg et al., 2000 and AASHTO, 2001, proposed as additional support 
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documents developed by AASHTO. However, the Holtz et al., 1998 concentrated on placing 
procedures and damage during construction, this report is specifically designed to highlight the 
benefits of using geosynthetics in pavement structures and recommending some criteria design 
procedure for the case of reinforcing base layer. 
The materials evaluated in this study are geogrids and geotextiles. From the information 
gathered, it has given a design method detailed. The first recommendation given is that before 
deciding to use a geogrid reinforced pavement, project conditions are assessed and determine 
whether the favorable use of these materials. This method is compatible with the traditional method 
presented in AASHTO 1993 adding some concepts that will be important to determine the final 
thickness of the structure: - 
 TBR (Traffic benefit ratio): The number indicating increasing numbers of charge cycles to 
achieve a previously defined failure compared to the number of cycles measured load on a section 
not reinforced.  
- BCR (Base course reduction): This is a factor which is defined as the reduction in percentage 
terms in the required thickness to achieve a fault previously determined under the same conditions 
by comparing a section reinforced with unreinforced. 
Below is a step by step procedure will be detailed this design method which it will then be 
taken as a reference to develop a case study. The first step should be to determine the values of the 
subgrade through measuring its CBR, the resilient modulus (Mr). From these values, Subgrade 
classified as low, moderate or strong. As referenced is rated based on the CBR values measured in 
the field where it has a low subgrade. It shows values lower than 3 is weak subgrade. Moderate, 
values between 3 and 8. And Finally, a firm subgrade is that which has values CBR above 8. Then 
must estimate the thickness of the subbase and base layers, if the thickness is the same as in the 
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case unreinforced. Likewise, if seek reduce the thicknesses of these layers, a reduction can be 
estimated from 20-50% (usually, this reduction is limited to a range between 75-125mm). On the 
other hand, it must determine whether a filler material will have open or graded grain size and 
from this, the drainage coefficient value must define (“m" according to AASHTO) accordingly. 
The design of the thicknesses of the unreinforced section, in this case, the traditional design 
was performed without any section reinforcement choosing the most convenient method. In the 
case study to be presented AASHTO 93 method is used as described above. To determine the 
benefits of using a geosynthetic reinforcement review the benefits that can be quantified within 
reducing costs and savings in the total cost of the work using. Make a list of benefits that are 
working with this design: reduced thickness of the granular layers pavement, increasing 
performance section or a combination of both, etc. From target identification is sought with the 
design, The factors TBR or BCR can determine. The TBR can be used to any of the benefits above; 
while the BCR, only It will be a useful option when looking to reduce thickness of any of the 
structural layers. The values obtained in trials seek made that have very similar conditions to the 
project evaluated. It is noteworthy that must be laboratory tests and tests field made with the same 
type of reinforcement that is to recommend. Not having this information, shall be carried out some 
evidence to determine this coefficient. Finally, it is important to note that the quality of the results 
much will depend on the choice of an appropriate coefficient. Each type of reinforcement is shaped 
differently and there Many factors affect performance (aggregate type, size maximum particle 
maximum rutting, etc.). Reinforced pavement designed by extension of the period of useful life of 
the road in this case, the thickness of each of the layers is unchanged and is sought to determine 
the time before the section need rehabilitation 46-01 (2001) provides guidelines for the design of 
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geogrid-reinforced base courses in flexible pavements. The guidelines are empirical in nature, and 
the design steps follow a procedure that was initially reported by Berg et al. (2000). 
In the AASHTO, 1993 Guide, pavement design is based on a reference to the serviceability 
of the pavement system expressed through measurements of roughness and different types of 
distress (cracking, rutting, etc.). The load carrying capacity of pavement is expressed with the 
number of equivalent standard axial loads (ESALs) at which the permanent deformation at the 
surface reaches specific value (allowable rut depth). The number of equivalent standard axial loads 
(ESALs) is calculated using the AASHTO, 1993 equation shown below. 
 
W18 = Allowable trafficking (ESAL’s) 
ZR = Standard Normal Deviate; based on Table 4.1 in Part I of the AASHTO 
(1993) guidelines, for a Reliability of 95%, the Standard Normal Deviate, 
ZR = -1.282. 
So = Standard Deviation = 0.49 
SN = Structural Number 
ΔPSI = Change in Present Serviceability Index 
MR = Resilient Modulus of Subgrade (psi) 
Using Equation 2, the Traffic Benefit Ratio (TBR) can be applied directly to the calculated 
number of ESALs or can be used to adjust the structural number. The Base Course Reduction 
Factor (BCR) is used directly to reduce the required thickness of the unreinforced base course. It 
is recommended that agencies with limited experience with geosynthetic reinforcement primarily 
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use the reinforcement to improve the service life of pavement structures, and limit reduction of the 
structural section until more experience is gained (Berg et al., 2000). The design steps for use of 
geosynthetics base reinforcement for flexible pavements are outlined below. For details refer to 
Berg et al. (2000). The initial assessments of geosynthetics applicability need an assessment of 
subgrade strength, the aggregate thickness required for the unreinforced section, characteristic of 
base-subbase materials, seasonal variation in moisture levels, reinforcing mechanisms and value 
added by geosynthetics. The design of unreinforced pavement section. Using an established 
method for design of unreinforced pavements, the structural layers, the type of material, and the 
thicknesses are determined for a pavement section without geosynthetics. Investigate potential 
benefits of using geosynthetics reinforcement. Requires review of available data to define potential 
and target benefits for the specific project. The conditions for which various geosynthetics 
products should be considered for this application are summarized in Table 2. Define 
reinforcement benefits regarding Traffic Benefit Ratio (TBR) or Base Course Reduction Factor 
(BCR).  
2.5 Design of Reinforced Pavement Section 
The use of the Traffic Benefit Ratio (TBR) for design of reinforced pavement section after 
FHWA NHI-07-092 Roadways and Pavements Geosynthetics Engineering 40 August 2008. Using 
Equation 2, the Traffic Benefit Ratio (TBR) can be applied directly to the calculated number of 
ESALs or can be used to adjust the structural number. The Base Course Reduction Factor (BCR) 
is used to reduce the required thickness of the unreinforced base course directly. It is recommended 
that agencies with limited experience with geosynthetics reinforcement primarily use the 
reinforcement to improve the service life of pavement structures, and limit reduction of the 
structural section until more experience is gained (Berget al., 2000). The design steps for use of 
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geosynthetics base reinforcement for flexible pavements are outlined below. For details refer to 
Berg et al. (2000). Initial assessment of geosynthetics applicability which requires assessment of 
subgrade strength, the aggregate thickness required for the unreinforced section, characteristic of 
base-subbase materials, seasonal variation in moisture levels, reinforcing mechanisms and value 
added by geosynthetics. The design of unreinforced pavement section. Using an established 
method for design of unreinforced pavements, the structural layers, the type of material, and the 
thicknesses are determined for a pavement section without geosynthetics. Investigate potential 
benefits of using geosynthetics reinforcement. Requires review of available data to define potential 
and target benefits for the specific project. The conditions for which various geosynthetics 
products should be considered for this application are summarized in Table 2-2. Define 
reinforcement benefits regarding Traffic Benefit Ratio (TBR) or Base Course Reduction Factor 
(BCR).  




When evaluating the influence and magnitude of the reinforcing effects, numerous variables 
appear to impact performance. The literature review shows the magnitude of pavement 
performance ranging from no improvement to a multiple order of magnitude increase in design 
life. A summary of the variables that lead to this performance range is presented in Table 2-3. 




2.6  Structural Components of Pavement 
2.6.1 Subgrade 
The main goal for the pavement design is to protect the pavement layers over the subgrade to 
assure the pavement performance with life and to consider any the traffic loading and the 
environmental conditions. Figure 2-26 depicts the historical pavement design method. 
 
Figure 2-26 Historical pavement design methods Reck, 2009 
 It is necessary to consider the sensitivity of soil moisture in both resistance as to possible 
changes in volume (swelling-shrinkage). Volume changes of an expansive subgrade soil type may 
cause serious damage to the structures that rely on it, for this reason when a pavement on this type 
of flooring is constructed must be careful to prevent soil moisture variations for which we must 
think of the waterproofing of the structure. Another way to address the problem is by stabilizing 




This layer aims, efforts to absorb loads transmitted by vehicles and evenly distribute these 
efforts to the sub - base and through this the subgrade. Usually, basecoat crushed stone or crushed 
gravel or stabilized mixtures are used. The bases may be granular or be made of bituminous 
mixtures or mixtures stabilized with cement or another binder. 
2.7 Design Methodology 
The methodology presented is based on the version of the method AASHTO 1993 flexible 
pavement design method. Which it has been modified to explain the structural contribution of the 
geosynthetics, according to the three different experimental program tests. 
The modification of the AASHTO 1993 method by using two different of geosynthetics 
(geogrid and geotextile) was made based on field and laboratory tests. There are different design 
methodologies for flexible pavements including empirical methods. The empirical method 
AASHTO is a regression method based on empirical results obtained by AASHTO Road Test in 
the 50 The 1993 AASHTO methodology for flexible pavement is the methodology used as a 
starting point for the development of the including geogrids as reinforcement of base layer. This 
methodology has been modified to account for the contribution of using geosynthetics in the 
pavement. The results of three experimental tests were analyzed based the two terms the extension 
of pavement life and reduction of base course thickness. 
2.8 AASHTO Method for Flexible Pavement 
The design method AASHTO, originally known as AASHO, was developed in the United 
States, based on a full-scale test conducted for two years from impairments who experience 
representing relations impairment - solicitation for all conditions tested. 
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From version 1986, the AASHTO method began introducing mechanistic concepts to adjust 
some parameters to different conditions which prevailed at the site of the original essay. 
The corresponding mathematical models also require a calibration to local conditions in 
the area where they are applied. The design equation model is based on the loss rate of 
serviceability (ΔPSI) during the service life of the pavement. 
Montanelli et al. (1997) perfumed their geosynthetics design model based AASHTO 1993 
method by finding the coefficient ratio for the granular base layer. From the experiment results, 
the coefficient ratio was between 1.5 to 2 by use one layer of geogrid and different strength of soil 
subgrades. The values greater than 1.5 were calculated for subgrade CBR strengths less than three. 
The layer coefficient ratio value was used as a multiplication factor for the depth of the reinforced 
base in the equation used to calculate the structural number. This implies that for an equivalent 
structural number, the unreinforced base could be reduced by 33 to 50%. Webster (1993) produced 
a design chart like that of Haas et al. (1988) by directly comparing and extrapolating test results 
for sections of equivalent base course thickness. The original design chart included the 50 mm 
thick AC layer used in the experiments. The authors of the current study have modified the original 




Penner et al. performed a new design chart for the base layer with reinforcing with geogrid. 
They calculate the structural number (SN) based in the AASHTO 1993.Penner et al. conclude that 
use geogrid within the base layer can modify the AASHTOO 1993. They developed a chart that 
enables the conversion of a non-reinforced base course thickness into an equivalent thickness of a 
geogrid-reinforced layer, as seen in Figure 2-28. 
 
 




Figure 2-28 Geogrid-reinforced base course for paved highway section using geogrids 
Perkins and Edens employed the new pavement design method mechanistic-empirical design 
(MEPDG) for recommended a new design to incorporate the geosynthetics in the base course layer 
reinforcement. Also, they provide the advantage of incorporation the geosynthetic materials in 
base layer by specified three benefits. The first benefit increased the pavement live and the second 
benefit decreased the base course layers thickness, and the third benefit was installed geosynthetics 
in base course layer can in reduce the vertical stress and improve the stress distribution over weak 
subgrade soil. 
They worked with the mechanistic approach to determining critical stresses at different 
pavement locations for the reinforced pavement section. Next then from damage model they 
obtained distress (rutting) for a different layer. Three finite element models were generated to 
mimic the following cases geosynthetics-reinforced pavement, pavement without geosynthetic 
reinforcement and pavement section with perfectly-reinforced pavement. The proposed finite 
model models were calibrated based on the results of cyclic plate loading test in the laboratory. 
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The proposed finite element was employed to develop a design methodology based on the analysis 
of 465 pavement design problems. Applying the 1993 AASHTO pavement design guide, the 
number of ESALs the pavement can support is calculated based on the AASHTO regression 
model. The TBR for the Perfect-Reinforced (PR) case is then estimated based on the Figure 2-29.  
 
Figure 2-29 TRB versus SN for perfect reinforcement model 
2.8.1 Tenax AASHTO Method Modified 
The first step in this method is to calculate the structural number according to AASHTO 
methodology for the whole pavement layers.  The structural contribution in Equation 1 of using 
geosynthetics in a flexible pavement system can be quantified with increase the benefit of base 
course layer coefficient. Therefore, the AASHTO traditional equation to determine the structural 
number (SN) is modified with a coefficient of enhancement layer (LCR Layer Coefficient Ratio). 
SN= a1D1+ a2 (LCR) D2m2+a3D3m3……. (1) 
The LCR has a value greater than one. This value is determined based on the results of 
laboratory and field tests in flexible pavement with and without use of geogrids. By use Tenax 
chart the layer coefficient ratio can be determined as a function of CBR for subgrade soil in the 
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Figure 2-30 and clearly shown that the higher value of CBR, the lower value of LCR. This chart 
was prepared from experimental cyclic loading test sections for a multilayer polypropylene 
extruded biaxial geogrid (Cancelli et al. 1996). 
 
 
Figure 2-30 Layer coefficient ratio vs. subgrade CBR (Tenax,1999) 
 Recalculation of the thickness of the base layer reinforced Based on the above figure that 
determines the value of LCR, the value of LCR ranges between 1.4 and 1.8 depending on the CBR 
value. The reduction in base thickness is evaluated using a geogrid with equation (3), assuming no 
subbase layer. From the conclusions of the chart was designed where LCR ranged from 1.81 to 
1.41 and was a function of subgrade CBR. The chart results showed an LCR of over 1.4 for 
subgrade CBR values greater than 8, which corresponded to a TBR of 4.5. The other full-scale test 
were constructed in an outdoor test lane with applied traffic loading (Cancelli and Montanelli, 
1999). The subgrade was clay for this test and installed at a CBR ranging from 1 to 8. The full-
scale tests were interpreted by using Berg et al. (2000) and for the subgrade, at a CBR of 8 a TBR 
of 1.6 was obtained. 
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Using the graphical design of Figure 2.31, it is possible to calculate the thickness D2. The 
granular base of a flexible pavement. According to variables input (D1, a1, D2, a2, m2) of a section 
without reinforcement is possible to determine the SN considering the CBR of the subgrade and 
incorporating the contribution of the geogrid related to the Layer Coefficient Ratio (LCR). 
Subsequently, using the Equation 2 can determine the thickness D2 (cost savings) for a pavement 
Flexible reinforced and equation 4 for asfáltica43 layer mixture. 
 
Figure 2-31 Improvement graph layer coefficient vs CBR of the subgrade. 
2.8.2 Tencate Manufacture 
Tencate used AASHTO 1993 to design reinforced base with geotextile. MM2 was performed 
for analysis pavements reinforced by geotextile using AASHTO 1993 pavement design. The 
method adjusts the structural number by combining a factor (M) to the structural layer equation of 
the base course layer including a geosynthetics. The values of M between 1.08 and 1.22. 
The new updated for this method by including a new factor Geosynthetic Structural 
Coefficient (GSC) for the structural layer equation in AASHTO ’93 design. The table shows the 
63 
 
estimated base course reduction for different types of Mirafi products. This table correlates the 
BCR factors with the CBR of the subgrade. The values of BCR for RS580i geotextile ranged from 
56% to 24 % for CBR values ranging from 15 to 1 with varying BCR values for each geosynthetics 
within that CBR range.  The equation shows the relationship between BCR and GSC. Also, GSC 





Tensar suggested a new design method for geogrid-reinforced flexible pavement structure by 
analyzing and design the full-scale pavement testing results performed by the University of Alaska. 
Four test sections were constructed with a dimension of 50mm of HMA on top of a base thickness 
varying from 152.4 to 457.2mm. Two types of geogrid were installed in two of the test sections 
while one section had two layers of geogrid and one section served as the control. The applied load 
consisted of a single tire with a load of 20 kN in one direction and 9 kN in the reverse direction. 
The subgrade was clayey silt with a CBR ranging from 1.6 to 2.7%. The base course had an average 
CBR of 15%. Surface deformation (rutting) was measured as a function of the number of loading 
cycles. Based on these results, traffic benefit ratios (TBR), defined as the number of cycles of load 
on a geogrid-reinforced section divided by the number of cycles on the control section for the same 
amount of deformation, were determined. The TBR’s were plotted as function of the base thickness 
and the rutting failure criterion. For a final rutting of 25.4mm, TBR’s ranged from 2 to 3 for the 
light geogrid pattern and from 2 to 5 for the heavy geogrid pattern. The following steps can review 
the suggested design methodology: 
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Use AASHTO 1993 Design Procedure to design the unreinforced pavement. Use of layer 
coefficients for the granular base and the HMA layer, required thicknesses, and design reliability. 




















Where Wt18 is the total number of 18-kip (80-kN) single-axle load applications before the 
resurfacing maintenance is required;  
, and MR is the subgrade resilient modulus (psi), 
To determine the increase of pavement life for the reinforced case, the following is used: 
TBR
18W)18(W   
The required structural number (SNR) to carry (W18) R is first determined using the following 





Initial construction cost and a life-cycle cost analysis can be conducted to evaluate the cost-
effectiveness of including the reinforcement. 
65 
 
2.8.3 Tensar Manufacture  
2.9 PectraPave4 PRO™ Paved Application Design Method 
 Tensar International Company produced SpectraPave4 PRO Software. The software used 
AASHTO 1993. However, The AASHTO 1993 design methodologies for flexible pavements 
including empirical methods. The structural number is intended to conduct a specific number of 
traffic loads (ESAL’s) with levels of serviceability. This software just developed for Triax geogrid 
and the other geosynthetics products are not cover within Specrapaved4 PRO as shown in Figure 
2-32. 
 "It is obvious from full-scale and small-scale performance indicating research that a new 
method of flexible pavement design was required to provide the pavement engineer with an 
appropriate TIF for each TriAx® geogrid-reinforced pavement section created within 
SpectraPave4 PRO™. As such, SpectraPave4 PRO™ starts with the automatic generation of a TIF 
value that is appropriate for the pavement section considered in design. In the AASHTO 1993 
empirical design formula, the predicted pavement life is a function of the structural number (SN), 
serviceability limits, and reliability. As such, pavement life using a TriAx geogrid is calculated 
based on an enhanced SN. The MSL Coefficient, or “a” value, of the TriAx geogrid-reinforced 
pavement section, is the key component of the enhanced SN value used within the AASHTO 
empirically based SN equation. The “a” value is representative of aggregate quality and degree of 
enhanced confinement achieved with a geogrid. Calibration of this “a” value has been done with 
an extensive catalog of pavement structures (thicknesses & material types), subgrade conditions, 
and TIF data. Complex algorithms that are based on the “a” value calibrations have been created 
and programmed into SpectraPave4 PRO™. The program automatically assigns the proper 
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calibrated “a” value to the TriAx MSL for the user defined input conditions. Tensar International 
SpectraPave4 PRO™ v3Tensar TriAx Geogrid. 
Tensar was calibrated TIF to an appropriately adjusted base layer coefficient for the 
Mechanically Stabilized Layer (MSL) for include geogrid in the base. The TIF affiliated with the 
modified confinement influence. Layer coefficients presented in the AASHTO 1993 Design 
Manual for pavement materials are empirically derived correlations to material properties.  The 
new adjusted layer coefficient includes the base aggregate and the effect of enhanced pavement 
performance due to the inclusion of the geogrid, also, that producing a stiff composite of base layer 
and geogrid. 
 





 EXPERIMENTAL TESTING PROGRAM AND METHODOLOGY 
3.1 Introduction 
This chapter consists of a description of the research methodology pursued in this study. The 
chapter includes detailed information about the experimental testing and materials that were used 
in this research. The experimental program designed in this study performed to examine the 
benefits of using the geosynthetics to reinforce the base layer and stabilize the subgrade for the 
pavement constructed over weak subgrade. In order to achieve this purpose, three programs of 
experimental tests were performed, full-scale test lane sections, Laboratory pavement sections, and 
cyclic plate loading testing in the field. The experimental testing programs also consist the 
behavior of pavement with geosynthetics with compare with pavement without geosynthetics. 
3.2 Testing Materials Properties 
3.3 Material properties 
3.3.1 PRF Soil Subgrade  
Characterization of subgrade soil at PRF site was performed on collect samples from the site 
and conducting laboratory tests. The Atterberg Limit test (ASTM D 4318) for subgrade soil with 
liquid limit LL = 88 percent, plastic limit PL = 35 and plastic index PI 53. The subgrade soil has 
an optimum moisture content of 35% and maximum dry density of 1,250 kg/m3 (78 Ib/ ft3) 
according to the standard Procter test (ASTM D698) as depicts in Figure 3-1. This subgrade soil 
was classified as CH according to the Unified Soil Classification System (USCS), and A-7-6 




Figure 3-1 Standard proctor for subgrade soil 
3.3.2 Base Course Material 
Mexican crushed limestone was used as base course layer for all test sections. The crushed 
limestone has an effective particle size (D10) of 0.18 mm, (D30) of 2 mm, (D60) of 5 mm and a 
mean particle size (D50) of 4 mm, a uniformity coefficient (Cu) of 27.7, and a coefficient of 
curvature (Cc) of 1.3. The modified Proctor test (ASTM D1557), was used to evaluate the 
maximum dry density with 2,066 Kg/m3 (140 Ib/ft3) at an optimum moisture content of 9.4 % as 
shown in Figure 3-2. The crushed limestone is classified as GW and A-1-a according to the Unified 
Soil Classification System (USCS) and the American Association of State Highway and 
Transportation Officials (AASHTO) classification system, respectively. Figure 3-3 shows the 




Figure 3-2 Modified proctors for limestone 
 
Figure 3-3  Grain-size distribution curve of Mexican crushed limestone 
3.4 Geosynthetics 
Two types of geosynthetics were used in this study for reinforcement triangular (GG) TX-5 
and RS580i geotextile GT for both lanes 5 and 6. The GG has triangular shape a punched structure 
which is made from polypropylene. The GT is a high-strength woven geotextile. The geotextile 
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was made from high-tenacity polypropylene filaments that are formed into waves. 
Table 3-1presents the physical and mechanical properties of the geosynthetics materials, as 
provided by the manufacturers. 
Table 3-1 Physical and mechanical properties of geosynthetics used in this study 
 
1Tensile Strength (at 2% strain), 2Tensile Modulus (at 2% strain), 3Machine Direction, 4Cross 
machine direction. 
3.5 AASHTO T307 
The resilient modulus is usually determined through laboratory cyclic triaxial tests, in which 
different stress states are simulated by varying the pressure or diverter stress, which simulates the 
loads generates the passes of vehicles. One of the best known for the determination of this 
procedure is the proposed by the AASHTO T 307-99 "Determining the resilient modulus of soils 
and aggregate materials. “The testing mold dimension was 150 mm diameter and 300 mm height.  
The base aggregate was compacted in 5 lifts to reach uniform compaction and to keep at least ±1% 
of maximum dry density. Moreover, each lift was compacted by applying a vibratory compactor  
The base course samples were prepared for three different Moisture Content. The sample with 
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optimum moisture. The sample was then sealed with the use of O-rings and clamps so that the 
confining pressure could be applied. Once the sample was safely secured in the pressure chamber 
(Figure 3-4). 
 
Figure 3-4 Testing Machine with Testing Sample 
The resilient modulus for base course aggregate (limestone samples) at optimum 
moisture content was shown in Figure 3-5.However, the resilient modulus was tested for 
2% above optimum moisture content as shown in Figure 3-6. Finally, the resilient modulus 
was tested for 2% below optimum moisture content are shown in Figure 3-7. As expected, 





Figure 3-5 Mexican limestone at optimum moisture content graphs 
 



































































Figure 3-7 Mexican limestone at -2% moisture content graphs 
3.6 The Indirect Tensile Test 
This test includes applying loading to cylindrical specimen with repeated compressive load 
which acts parallel to and along the vertical plane of the specimen. To distribute the load and 
maintain a constant loading area the compressive load is applied through a stainless-steel loading 
strip which is curved at the interface with the specimen and has a radius equal to that of the 
specimen. This loading configuration develops a relatively uniform tensile stress perpendicular to 
the direction of the applied load and along the vertical plane.  
This test was a variation of the E* test that is normally performed in the axial mode. The test 
protocol in the axial mode required specimens that were 100 mm in diameter and 150 mm tall. 
However, cores obtained from the field did not meet the height requirements of 150 mm. Thus, 
the IDT E* test can be a viable alternative in measuring the complex modulus of the asphalt 
specimen. A sinusoidal load (i.e. haversine) compressive stress was applied to the diametric axis 


































samples at temperatures of -10, 10, and 30°C and loading frequencies of 0.01, 0.1, 0.5,1.0,5.0 and 
10.Figure 3-8 shows the IDT E* specimen and test set up. Specimen dimensions are 150 mm in 
diameter and 38 mm in thickness. While the specimen was subjected to the varying frequencies of 
sinusoidal loading through the loading strip across its thickness, the induced strain was measured 
using two extensometers mounted on both sides of a disk-shaped specimen. The test results for 
three samples for lane 1 was presented in Test results recorded by individual specimens for each 
test are presented in Appendix A. 
 









Table 3-2 Indirect tension dynamic modulus (IDT E*) test results for lane1 
Temperature (-10C) 
Sample# Voids 10.0 5.0 1.0 0.5 0.1 0.01 
E1 5.9 3149.1 3035.5 2822.0 2726.0 2478.8 2106.7 
E2 3.7 2982.5 2909.7 2705.4 2616.5 2397.1 2026.9 
E5 4.8 3290.5 3217.4 3002.1 2914.8 2676.0 2264.8 
Avg 4.8 3140.7 3054.2 2843.1 2752.4 2517.3 2132.8 
Stdev 1.1 154.2 154.7 149.5 150.9 143.4 121.1 
CV 22.9 4.9 5.1 5.3 5.5 5.7 5.7 
Temperature (10C) 
Sample# Voids 10.0 5.0 1.0 0.5 0.1 0.01 
E1 5.9 1903.5 1746.7 1354.6 1197.0 861.9 469.4 
E2 3.7 1601.5 1483.7 1186.7 1051.7 774.3 443.3 
E5 4.8 1645.1 1521.6 1202.7 1069.7 782.1 433.2 
Avg 4.8 1716.7 1584.0 1248.0 1106.1 806.1 448.6 
Stdev 1.1 163.2 142.2 92.7 79.2 48.5 18.7 
CV 22.9 9.5 9.0 7.4 7.2 6.0 4.2 
Temperature (30C) 
Sample# Voids 10.0 5.0 1.0 0.5 0.1 0.01 
E1 5.9 555.7 464.8 277.9 221.3 125.3 57.6 
E2 3.7 650.5 547.1 340.9 275.0 167.4 76.2 
E5 4.8 473.6 393.3 226.8 178.5 115.2 60.4 
Avg 4.8 559.9 468.4 281.9 225.0 136.0 64.7 
Stdev 1.1 88.5 76.9 57.1 48.3 27.7 10.1 
CV 22.9 15.8 16.4 20.3 21.5 20.3 15.6 
 
3.7 In-Situ Test Results 
Several devices were deployed to measure the in-place material properties of pavement 
layer. At least five measurements were performed for each test section for each property. The 
mean values of these properties are summarized in Table 3-3 to 3-8 for all pavement test 
sections. The corresponding coefficient of variation (CV), which is calculated by dividing the 
standard deviation by the mean, is also presented in the tables. As can be seen from Tables, the 
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modulus values obtained from the Geogauge and the LWD are different. These values represent 
specific stiffness modulus for the testing devices. None of these can be directly used in the 
mechanistic-empirical analysis of the pavement sections without use of proper correlations with 
resilient modulus. The correlations between stiffness moduli of these testing devices and the 
resilient modulus, which is used in the mechanistic-empirical analysis of the pavement. 
Recognizing the importance of characterizing in-situ conditions that would affect pavement 
performance. The in-place material properties of pavement layers were measured at different 
stages of the study by using several different devices, including a nuclear density gauge, a light 
weight deflectometer (LWD), a GeoGauge, a dynamic cone penetrometer (DCP), and a vane 
shear. Each in-situ testing was conducted at a minimum of five different locations along the 
longitudinal direction for each section. Table 3-3 and figure 3-4 present the average value of 
the native subgrade properties measured before the construction of the aggregate layer to the 
construction of the aggregate layer. The modulus values from the Geogauge and the LWD 
represent the modulus obtained under the testing devices’ specific loading conditions, and thus 
different from each other. The average dynamic cone penetration index (DCPI) in mm/blow 
from DCP tests were calculated at the same depth for each section and correlated to the subgrade 





                                                                                                          3-1 
   
The value of c is 151.8, and 56.73, and d are equal to 1.096 and 0.23 for cohesive subgrade 
soil and unbound aggregate layer aggregate, respectively. 
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Table 3-3 Subgrade conditions tested by nuclear gauge, LWD, GeoGauge, and DCP 
Test Section 
Moisture 













Avg. Cov. Avg. Cov. Avg. Cov. Avg. Cov. Avg. Cov. Avg. Cov. 
1 52.4 0.08 70.3 0.01 2.7 0.13 16.3 0.10 196.2 0.06 155.9 0.15 
2 47.2 0.06 71.1 0.03 4.3 0.11 23.1 0.11 190.0 0.14 108.3 0.15 
3 48.1 0.08 70.1 0.03 4.5 0.24 22.3 0.14 183.0 0.10 116.7 0.16 
4 45.5 0.07 71.9 0.03 4.3 0.20 22.8 0.18 185.5 0.18 98.6 0.27 
5 45.5 0.05 72.5 0.02 4.2 0.19 22.0 0.12 194.7 0.07 141.7 0.18 
6 43.5 0.08 73.1 0.03 4.9 0.32 25.0 0.12 113.7 0.08 141.6 0.14 
 
In Table 3-3, it is noted that the in-situ soil moisture content was significantly higher than 
the optimum, 29.5%. Sections 2 and 6 had a higher dry density value. The different types of 
modulus values in Table 3-3 and Table 3-4 suggest that the subgrade condition is nearly uniform 
among all the sections. The minor difference in the stiffness modulus was likely a result of the 
inherent variability in the heterogeneous nature of soils and the operational variability in testing. 
However, Section 6 consistently exhibited a slightly higher modulus value through all the 
different properties, which agrees with that Section 6 had a higher ground grade level and thus a 
drier and stiffer subgrade condition.  






30.5 cm (12 in) 
below surface 
61.0 cm (24 in) 
below surface 
91.4 cm (36 in)  
below surface 
Avg. Stdv. Avg. Stdv. Avg. Stdv. 
1 53.2 0.29 72.5 0.27 87.0 0.24 
2 55.0 0.13 73.8 0.12 86.4 0.14 
3 55.2 0.30 76.6 0.22 91.4 0.17 
4 57.0 0.20 76.6 0.16 88.8 0.21 
5 56.2 0.22 81.0 0.19 90.6 0.23 









All of test sections again showed similar undrained shear strength except for Section 6 having a 
higher strength. Table3-8 presents result of in-situ tests conducted on the aggregate layer before 
pre-rut phase. The aggregate layer was compacted to meet the requirement of 95% of the maximum 
dry density. LWD and GeoGauge tests showed similar modulus values among sections 2, 3, 4, and 
5 while sections 1 and 6 exhibited a lower modulus. This is because LWD and GeoGauge measure 
a composite modulus of the thinner aggregate layer and the underlying layer in Sections 1 and 6. 
The derived and averaged modulus from DCP tests in Table3-9showed a similar stiffness of the 




30.5 cm (12 in) 
below surface 
61.0 cm (24 in) 
below surface 
91.4 cm (36 in)  
below surface 
Avg. Stdv. Avg. Stdv. Avg. Stdv. 
1 53.2 0.29 72.5 0.27 87.0 0.24 
2 55.0 0.13 73.8 0.12 86.4 0.14 
3 55.2 0.30 76.6 0.22 91.4 0.17 
4 57.0 0.20 76.6 0.16 88.8 0.21 
5 56.2 0.22 81.0 0.19 90.6 0.23 
6 59.2 0.19 80.6 0.32 92.2 0.34 
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        Table 3-5 Subgrade conditions tested by nuclear gauge, LWD, GeoGauge, and DCP 
 
 






Table 3-7  Subgrade in-situ undrained shear strength from vane shear tests, units in kPa 
Test Section 
30.5 cm (12 in) 
below surface 
61.0 cm (24 in) 
below surface 
91.4 cm (36 in)  
below surface 
Avg. Cov. Avg. Cov. Avg. Cov. 
1 53.9 0.23 74.2 0.23 74.2 0.27 
2 58.0 0.15 78.2 0.13 85.2 0.12 
3 57.0 0.17 69.6 0.37 87.0 0.22 
4 58.6 0.18 74.0 0.21 92.0 0.10 
5 57.5 0.34 68.6 0.38 82.6 0.30 



















Avg. Cov. Avg. Cov. Avg. Cov. Avg. Cov. Avg. Cov. Avg. Cov. 
1 49.3 0.05 69.4 0.04 3.6 0.32 13.9 0.14 223.9 0.19 129.1 0.39 
2 46.0 0.07 71.3 0.02 4.5 0.16 20.5 0.07 202.4 0.10 163.9 0.16 
3 49.5 0.11 68.4 0.07 4.1 0.30 20.6 0.10 201.0 0.03 93.2 0.35 
4 49.5 0.12 69.3 0.04 4.0 0.26 18.2 0.15 209.5 0.12 92.6 0.15 
5 51.2 0.05 68.1 0.03 4.0 0.18 21.0 0.13 199.9 0.09 158.6 0.06 
6 46.5 0.04 70.8 0.02 4.9 0.17 22.9 0.06 160.7 0.17 173.2 0.19 
Test Section 
30.5 cm (12 in) 
below surface 
61.0 cm (24 in) 
below surface 
91.4 cm (36 in)  
below surface 
Avg. Stdv. Avg. Stdv. Avg. Stdv. 
1 53.2 0.29 72.5 0.27 87.0 0.24 
2 55.0 0.13 73.8 0.12 86.4 0.14 
3 55.2 0.30 76.6 0.22 91.4 0.17 
4 57.0 0.20 76.6 0.16 88.8 0.21 
5 56.2 0.22 81.0 0.19 90.6 0.23 
6 59.2 0.19 80.6 0.32 92.2 0.34 
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Avg. Cov. Avg. Cov. Avg. Cov. Avg. Cov. Avg. Cov. Avg. Cov. 
1 8.8 0.03 122.9 0.01 115.0 0.17 120.8 0.12 11.9 0.08 127.9 0.03 
2 7.6 0.07 122.6 0.01 125.1 0.14 127.0 0.16 9.6 0.10 142.5 0.11 
3 6.9 0.04 125.5 0.02 122.0 0.14 127.5 0.13 9.5 0.10 140.1 0.33 
4 8.2 0.06 122.7 0.02 122.6 0.12 164.0 0.18 6.1 0.15 91.3 0.37 
5 5.0 0.09 123.0 0.01 124.5 0.20 170.9 0.13 5.8 0.08 80.5 0.38 
6 9.7 0.05 125.6 0.01 75.3 0.14 126.5 0.22 8.1 0.04 45.0 0.17 
 

















Avg. Cov. Avg. Cov. Avg. Cov. Avg. Cov. Avg. Cov. Avg. Cov. 
1 6.1 0.05 124.0 0.02 123.0 0.10 131.0 0.08 10.5 0.08 87.5 0.06 
2 5.7 0.17 125.5 0.01 132.0 0.17 140.2 0.31 7.1 0.16 99.4 0.18 
3 5.6 0.03 126.2 0.01 130.5 0.13 147.0 0.14 7.3 0.13 95.7 0.24 
4 6.7 0.09 127.3 0.02 130.9 0.08 180.0 0.02 6.9 0.09 95.4 0.22 
5 6.3 0.14 127.9 0.01 131.9 0.04 181.5 0.35 6.1 0.09 66.6 0.11 
6 5.6 0.09 124.9 0.02 79.7 0.10 132.2 0.09 8.6 0.08 51.1 0.22 
 
3.8 Site Description and Selected Sensors Areas 
The six flexible pavement lanes consisted of different configurations. For lane one, there was 
76 mm of HMA, 250 mm of base layer thickness and 300 mm of wrapped sand with nonwoven 
geotextile. For lane 2 and 3, there was 76 mm of HMA, 460 mm of base layer thickness and triaxial 
geogrid placed at the aggregate-subgrade interface. An additional layer of triaxial geogrid 
reinforcement was also installed at the upper one-third of the aggregate layer thickness in lane 2. 
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Lane 4 (control lane) had 76 mm of HMA and 460 mm of the base layer thickness. For lane 5 and 
lane 6, high strength geotextiles were used to reinforce/stabilize at the base-subgrade interface with 
layer thicknesses of 460 mm and 250mm for lane 5 and lane 6 respectively. The test was conducted 
in two phases for all sections: (1) pre-rut loading phase, before construction of HMA layer and (2) 
after HMA construction main loading phase. During the pre-rut phase, base course was pre-rutted 
to a maximum rut depth of 1” or 2000 passes, whichever comes first, before placed HMA layer. 
The base course layers were then maintained/repaired before the construction of 3 in. HMA layer. 
During the main loading phase, the sections are loaded to 19.04 mm (0.75 inches) rut depth. 
3.9 Testing Section Layout 
The test lanes consist of 24 m (80 ft) long and 4 m (13 ft) wide as shown in Figure 3-10. The 
instrumentation has been selected to observe the critical stress and strain in the pavement when 
tire load is applied to the pavement surface. All of the instrumentation types will be mentioned for 
each layer in the next sections. Six lanes were built on subgrade with CBR of 1%. Two base layer 
thickness configurations were used (254 and  457 mm), and all six sections have 3-in-thick HMA. 
All of the six lanes was design to include the geosynthetics in different locations and 
configuration, for theoretical layer thickness which is available in Figure 3-9, All of the materials 
used in this project have been tested in the laboratory. Moreover, dynamic modulus tests have been 
performed on the HMA specimens to understand the materials stiffness at different loading 
frequency and temperature and for base course layer and subgrade the resilient modulus tests were 
performed to know the stiffness of these materials detail of pavement materials characterization 
will be published in other paper. The drainage system consisted of 100 mm (4-in) diameter 
perforated PVC drainage pipes that were placed between lane 2 and lane 3 and the second pipe 
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between lane 4 and lane 5, and the last pipe was placed at the end of lanes after the parking lane. 
All the pipes were designed or placed to move the water to other side or the north side of the lanes 
and then moved to the pump station as shown in Figure 3-9 (a) 
 
(a) Plan layout of testing sections 
 
(b) Pavement structure of testing sections (section B-B) 





Figure 3-10: Sections construction and layout. 
3.10 Pavement Construction 
The first step in this research study requires preparation of the new location for the proposed 
test sections at the Pavement Research Facility (PRF) site. The pavement construction included 
constructed two reinforced concrete pile-supported foundations to carry the ALF testing facility. 
Highly planned process is required during pavement construction. All the instrumentation is 
dependent on the construction performance. Sensor organization and location is very important to 
avoid any overlay problems between the sensors. 
The contractor started working on July 18, 2012, by excavating the nature soil between driven 
piles to the elevation in the construction plan and then cut the piles to levels of 6 inches above the 
excavated grade level. The contractor constructed the 18 inches thick reinforced concrete pile cap 
as detailed in the construction plan. 
The contractor performed the subgrade construction by cleaning the surface of debris like 
grass and roots and excavating the natural soil for seven lanes between the north and south pile 
















For lane 1, the contractor constructed 305 mm compacted geotextile-wrapped sand following 
by 254 mm Mexican limestone base layer thickness. For lanes 2 to 5, the contractor constructed 
354 mm limestone spread out by a lightweight dozer. The contractor placed the aggregate in three 
lifts and each lift was 152.4 mm after compaction. After finishing each lift the density and moisture 
content was examined to assure quality control. For lane 2, two of the TX-5 geogrid was placed at 
the subgrade–base course layer interface and another geogrid layer was placed 6 inches from the 
top of the base course layer. 
The design of HMA thickness was 76.2 for all 6 lanes with 12 mm Super pave mix. All HMA 
layer used PG 70-22 binder. As built asphalt value obtained by extract cores from each section by 
averaging the reading for each core. CBR was approximately 1% for all sections. All of the pipes 
were designed or placed to move the water to other side or the north side of the lanes and then 
moved to the pump station. Pressure cells and piezometers were placed at the top of the subgrade. 
Thermocouples were placed at different depths below the surface. Figure 3-11shows the site 
preparation and the level stage of the subgrade. The nuclear density gauge, Geogauge (GG), light 
weight deflectometer (LWD), dynamic cone penetrometer (DCP), and Vane Shear Testing 
Apparatus were then deployed to measure the in-place properties of subgrade as shown from 




Figure 3-11 Site preparation 
 
Figure 3-12 Nuclear density gauge 
 




Figure 3-14 DCP 
  
   




 Figure 3-16 Vane Shear 
The cable distribution and organization in the site was important to avoid any overlap 
between the high numbers of instrumentations as shown in Figure 3-17. 
 
Figure 3-17 Distribute the cables in the subgrade 
After instrumentation installation, the geogrids/geotextiles with strain gauges were placed on 
the top of the subgrade of test sections 2, 3, 5, and six as in Figure 3-18. The gauges were covered 
with a small amount of clay soil and gently compacted by hand to protect the strain gauges from 
damage during the compaction of base course layer. A small piece of geotextile was then placed 




Figure 3-18: Placement of geogrids with strain gauges 
The typical procedures and specifications as described by the LA DOTD design manual. 
While 305 mm (12 in) of compacted base course material (Mexican limestone) was constructed 
on test sections 2 to 5 (first lift of the base layer). The base layer constructed by placing 355.6 mm 
of loose material, mixing with desired water and then compacted used a smooth static roller to 305 
mm as shown in Figure 3-19.The LA DOTD specifications were followed for constructing the 
base layer, i.e., the in-place density > 95% of maximum dry density (σd-max) and moisture content 
=  2% of optimum moisture content (wopt) as determined by the modified Proctor test. The nuclear 







Figure 3-19  Construction of the first lift of the base layer 
3.11 Accelerated Loading Facility 
ALF has a dual-tire axle consisting of two Michelin XZE-model truck tires and applies 
loading of pavement sections. Consisted of using an overloaded truck wheel of 9.75 Kips, 12.05 
Kips, and 14.35 Kips at 10.5 mph (16.8 km/hr) utilizing the accelerated loading facility (ALF) 
About 350 cycles per hour; 10 seconds over a 12 m (40 ft) lane. Loading machines transmit a load 
up to 18.95 kips to the pavement sections through a hydraulic ram attached to a wheel carriage. 
Furthermore, loading was conducted in one direction to mimic the actual traffic load conditions. 
The loaded area is 12 m (40 ft) for each lane, and ALF wheel can be laterally distributed to mimic 




Figure 3-20 Accelerated rolling wheel load facility at ALF 
Table 3-10 The response tests were conducting using the following variables. 
Number of passes 





0-110,000 44 (9.75) 105 10.5 
110,000-210,000  54 (12.05) 105 10.5 
210,000-Until reach the criteria  64 (14.35) 105 10.5 
3.12 Instrument Selection  
The behavior of pavement layers under wheel loading is very complicated so use the load 
associated sensor can help to understand and measure the stress and strain at each critical point in 
the pavement layers. The main purpose of the flexible pavement design is to minimize the 
permanent deformation of the subgrade soil. Furthermore, placing the sensor at the top of subgrade 
can measure the stress, deformation and pore water pressure at the top of the subgrade. The 
instrumentation selection is based on several points such as the capability of the sensor to measure 
the required stress and strain, the experience and performance of the instrumentation and budget 
control. Pressure cell was selected to measure the total stress at the top of the subgrade layer. Many 
types of pressure cells are available with different mechanisms such as diaphragm resistance strain 
gauges or liquid filled and transducer. Customized LVDT and potentiometers were chosen to 
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measure the permanent deformation on top of the subgrade and base layers respectively, from both 
static measurement and dynamic loading. In this study pressure cell, LVDT and piezometer were 
selected to measure the behavior of subgrade under the different type of loading. Time-domain 
reflectometer (TDR) was primarily used to measure the variations of moisture content for both 
base layer and subgrade materials. Moreover, the water content profoundly affects the stiffness of 
base and subgrade materials. The strength of the HMA is inversely related to the temperature, so 
it is important to measure the HMA temperature. Thermocouples were installed to measure the 
temperature of asphalt layer.  
3.13 Instrumentation 
Instrumentations were categorized into two different type’s mechanical sensors and 
environmental sensors. The two types of instrumentations are required for different measurement, 
and different data acquisition are required for data collection. Sensor organization and location is 
critical to avoid any overlay problems between the sensors. The mechanical sensor has been 
selected to measure the permanent deformation at the middle of the base layer and the top of the 
subgrade. For Potentiometer was customize with aluminum cylinder fixed on an aluminum shaped. 
For thermocouples gauges, which have been placed in the HMA layer by coring the layer by used 
drilling and place the sensor in the middle of HMA layer. Moreover, the behavior of HMA layer 
highly dependent on the asphalt temperature. Figure 3-21 depicts the different sensors used to 
instrument in the test section. The load associated instrumentation used to measure the response 
of stress and strain for the pavement during applied traffic loading. The environmental associated 
instrumentation used to measure the temperature and moisture content applied traffic loading. 
Understanding the behavior of pavement layers can provide a good idea on how geosynthetics can 
improve the pavement performance and provide a more realistic approach to incorporating 
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geosynthetics in pavement design. Sensor calibration is very important to get accurate 
measurements. In this study, manufacture calibration factor was used. Sensor calibration is 
considered as a necessary step of instrumentation. Calibration factor used in data acquisition to 
convert the electrical signal to engineering values. All the instrumentation which provided by the 
manufacture by sensor calibration sheet include all the calibration factors for each sensor. In this 




Figure 3-21 Instrumentation plan for test section 2 
 
Figure 3-22  Section construction and layout. 
3.13.1 Pressure Cells  
In geotechnical engineering application, pressure cells are required to measure the vertical 
stress at critical locations. Geokon 3500 with 225 mm (9 in) diameter was used in this study to 
measure the total vertical stress at the top of subgrade. Geokon 3500 consist of two stainless steel 
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cell was mainly used to record the changes in the stress-state of the overlying layers and to measure 
the increase in vertical pressure due to dynamic traffic loading. When the soil compresses the 
plates the pressure starts to build up inside the oil and a vibrating wire pressure transduce converts 
this pressure into an electrical signal. In this study, 14 pressure cells were installed at the top of 
the subgrade at 25.4 mm (1 in) depth. For each lane, two pressure cells were installed at different 
locations, the first pressure cell installed at 1.2 m (4 ft) from the centerline of each lane to the north 
direction and the second first pressure cell installed 1.2 m (4 ft) from the centerline to the south 
direction. String was used to determine the center line of each pressure cell by using small tools to 
excavate a hole to place the pressure cell on the leveled subgrade surface. The surface of the 
subgrade was cleaned and roots were removed from the sensor location. Then, the pressure cell 
was placed carefully in the leveled hole, checked for responsiveness and backfilled with subgrade 
sieved without any big particles. Installation techniques used in this project followed the steps that 
were used in the literature review. To install pressure cells at the interface between the base 
aggregate and subgrade, a smooth surface at the bottom of an excavated location was prepared by 
tamping and leveling the surface of the subgrade. The wires were placed in a trench; by using 
nonwoven geotextile in the subgrade and for base layer a 1 inch were used for wires to protect the 
cables from aggregates. The trench was then backfilled with subgrade and foundation material. 
Small trenches were excavated to the cables to extend those cables to the vertical pipe. The 
Figure 3-23 shows the pressure cell after placed at the top of subgrade. When installing pressure 
cells, holes the same shape but slightly larger than the pressure cell was excavated to the 
predetermined depth with a hand trowel. The bottom of each hole was flattened with a steel plate 
gently hit by the compaction hammer. The pressure cells were then placed into the holes and 
adjusted until level with the assistance of a bubble level placed on the pressure cell as shown in 
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Figure 3-23. Clay was backfilled and compacted over the pressure cells. To minimize over-
registration/under-registration of pressure due to over-compaction/under-compaction, a tight 
control of the backfill compaction was made to ensure that the density of backfill was close to that 
of the surrounding soil. 
 
Figure 3-23: Placement of Pressure Cell 
3.13.2 Piezometer 
Piezometer used in this study to measure the excess pore water pressure at the top of subgrade 
during traffic loading. Piezometer consists of a small pore stone ahead of the edge of the 
piezometer. the stone can allow the water to move inside the piezometer and prevent any soil 
particle to pass or flow inside the Piezometer. Fourteen piezometers were installed at the top of 
subgrade for each lane two piezometers were installed the first at1.8 m (6 ft) from centerline to the 
north and the second location was1.8 m (6 ft) to the south. Installation include excavate 6-inch-
deep hole and then place the piezometer inside the hole with take care to be leveled and keep it 
saturated by water as in figure9 and small trench was excavated to place the cable and backfill and 
compact the trench with subgrade materials without any big particles. Piezometer was installed 
directly in the subgrade to measure fluid pressure, such as ground water changes and pore 
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pressures. To install the piezometers, short trenches were first excavated to the predetermined 
depth with a hand trowel. Figure 3-24 shows the piezometer after placed at the top of subgrade. 
Horizontal holes with a slightly larger diameter than the piezometer were excavated at the end of 
each trench. The ready-saturated piezometers were then inserted in the holes and covered 
immediately with saturated clay soil. 
 
Figure 3-24: Placement of piezometers 
3.13.3 Linear variable differential transformer (LVDT) 
A device often used to measure the linear displacements which is called LVDT. It consists of 
a differential transformer with a primary and two secondary coils. The LVDT is a transducer used 
to converts mechanical energy into electrical energy, by get the output of voltage. Transduced 
energy levels are small and need conditioning. The signal conditioning is achieved by analog 
transducer amplifier which we connect to the LVDT. also, the LVDT used require 30 VDC 
excitation Connect DC powers Supply The output signals 10 VDC of LVDT were sent through 
the cable to the controller, which digitized the output signals of sensors (voltage). The digitized 
output signals were sent to the software program. The software then converted digitized output 
signals of sensors to units. 
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Six linear variable differential transformer (LVDT) were installed vertically for each section 
in the subgrade as shown in Figure 3-25. LVDT were placed 2 ft from the center of the lane at the 
subgrade to measure the permanent deformation at the subgrade.  In this project LVDT (RDP 
DCTH 2000A) select to measure the vertical displacement at the top of subgrade, also 30-voltge 
power supply required for this type of LVDT. The maximum range of the LVDT is 4 inch. Two-
inch contact disk was fixed on the top of LVDT, also a flexible membrane used to wrap the upper 
part of LVDT to prevent soil intrusion and moisture content from affect the reading of LVDT and 
then sealed the joints by water proof material. Three feet long steel rod was attached to the LVDT 
and then push into subgrade soil until its tip leveled with subgrade surface. The reference rod as 
long as 3 ft was used so when the LVDT deflect under wheel loading the reference rod was fixed.  
After the completion of subgrade preparation, the instrumentations were installed. When 
installing the customized LVDTs, 3ft-long steel rods were driven deep into the subgrade soil 
first using a hammer. The LVDTs were then vertically attached to these steel rods as shown in  





Figure 3-25: Inclusion LVDT in subgrade 
 
 
Figure 3-26  Placement of LVDTs at top of subgrade 
3.13.4 Potentiometer 
Potentiometer is an electromechanical device consisting of a resistor fixed value on which a 
sliding contact called cursor moves and splits electrically. The most common application is as 
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potentiometers instrumentation sensor resistive displacement. Cursor movement causes a change 
in the resistance, which can be used for measuring linear or angular displacements of parts coupled 
to the cursor. The potentiometers can be used to measure various physical quantities provided they 
can be converted into displacement. Resistive elements used in the potentiometers are of different 
types. The Potentiometer used require 8 VDC excitation Connect DC powers Supply The output 
signals 8 VDC of LVDT were sent through the cable to the controller, which digitized the output 
signals of sensors (voltage). The digitized output signals were sent to the software program. The 
software then converted digitized output signals of sensors to units. 
 The customized potentiometer used to measure the vertical strain at middle of base layer for 
each lane. The potentiometer attached with two circular plate to measure the change in the distance 
between the two plates under wheel loading. Excavate a hole with the same dimension for 
Potentiometer with and place the bottom plate at the leveled aggregate the fill the hole with sieved 
material or fine base course and the surrounding material compacted with small compactor.  
After the completion of base course preparation, the instrumentations of base layer were 
installed. The installation of potentiometers includes, around holes were excavated to the 
predetermined depth with a hand trowel. The potentiometers were placed vertically into the hole 
as shown in Figure 3-27. The fine part of base material (passing No. 4 sieve) was backfilled and 





Figure 3-27 Placement of potentiometers 
3.13.5 Time Domain Reflectometry 
TDR used to measure moisture content in geotechnical application, by delivers a continuous 
nondestructive prediction of the volumetric moisture content of pavement for base and subgrade. 
TDR measure the volumetric moisture content to observe the strength variation of subgrade and 
base course during change the moisture content, TDR can provide continues moisture content 
reading for both base and subgrade. Moreover, moisture content highly affect the soil subgrade 
and base material. CSC 616 and 635 TDR are electromagnetic sensor can’t measure moisture 
content (CAMPBELL, 2011)  
The CS 616 sensor operate by sending an electromagnetic pulse a long its rods and when it 
reaches to the end of the rods it reflected to the probe head and when the header detects the return 
pulse another pulse will send. TDR probe record the frequency of the pulses and report the 
frequency. Soil dielectric influence the electromagnetic pulse. TDR measure the required time for 
waves to initiate to the end of probe and return to the initial positions. Data acquisition used in this 
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project consist data logger CR 1000 and the lab top to collect the data, CR 1000 can store the data 
in the memory until transfer to the PC by external hard drive. 
Moisture content can be measure from time domain reflectometers, this can help in 
understanding the drainage, soil strength and dielectric constant. The CS616 water content 
reflectometer manufactured by Campbell Scientific, Inc. was used to predict the moisture content 
of subgrade and granular base pavement. Three-cylinder pipe with dimension of (10.3-inch 
diameter x 10.8-inch height) were used to calibrate the CS616 and one. Soil was placed in the box 
in four layers. Each layer approximately 100-mm-thick was placed and compacted before the next 
layer was placed. An equation was developed that relates the volumetric moisture content with the 
measured output oscillation frequency based on the calibration testing. For each specific soil 
medium, calibration needs to be done for using TDR. In calibrating TDR, the primary 
measurements are bulk density of the soil, gravimetric water content of the soil, and the 
corresponding TDR period reading. Because the TDR measure the volumetric content for the base 
and soil materials then the calibration process was required to justify the local calibration of each 
soil. An important note is that the bulk density of soil samples used for TDR. 
To install the TDRs, short trenches were first excavated to the predetermined depth with a 
hand trowels shown in Figure 3-28. The TDRs were then inserted horizontally into the soil. The 




Figure 3-28: Placement of TDR 
3.13.6 Thermocouples 
T-type thermocouples were built in house and were installed to measure the temperature 
profile through the pavement layers. The thermocouple consisted of a shield-soldered-twisted-
stranded pair of T-type thermocouple wires. The exposed tip should be protected from 
environmental effects. Thermocouple wires can be welded together or soldered together. The tip 
of the thermocouples was placed into epoxy materials to protect the thermocouples from the 
environmental effects and corrosion. 
3.13.7 Strain gauge 
The Vishay strain gauges used in this study to measure the strain that develop during 
accelerated loading testing, the benefit of measuring the strain in the geosynthatics layer to 
quantify the geosynthetics mobilization during loading. The select of these type of strain gauges 
was proven from previous experience in LTRC and based on the fatigue life for the strain gauges 
the time of testing, reliability, and cyclic endurance. The EA-06-230DS-120 dynamic application 
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Strain gauge model were selected for geogrid. Constantan foil in combination with a tough, 
flexible, polyimide backing. The strain gages have a resistance of 120 ± 0.4%Ω and a strain range 
of 2 percent. The fatigue life provided by the manufacturer is about 105 cycles under dynamic 
strain level of 0 to 1800. (Vishay Measurements Group Inc., 2003). The EP-08-10CBE-
120dynamic application Strain gauge model were selected for geotextile. This strain gage is made 
of annealed constantan alloy, which is very ductile but has very high elongation ability.  
Surface Preparation Surface preparation for gauge installation was modified from the 
manufacturer notes. For the smooth and glossy surface of the geogrid, the surface was roughened 
with 33 sand paper (150-250 grit). Mild surface roughness was applied in diagonal directions to 
create a rough cross-hatching pattern for maximum bonding with the adhesive. The surface was 
cleaned with Methyl Alcohol using gauze sponges for removal of dirt contaminants and residue 
from abrasion. A mild phosphoric acid conditioner for cleaning was applied to remove oxides 
(MM Conditioner A). An ammonia-based liquid was then applied to neutralize the surface (MM 
Neutralizer 5A).  
For the geogrid and geotextiles, which do not absorb water, a two-component epoxy adhesive 
was used (M-Bond A-15) with two model EA-06-230DS-120 and .M- Bond AE-15 with pot life 
of 1.5 hr. The adhesive was thoroughly mixed for five minutes and then allowed to stand for 
additional five minutes before being applied to the surface. It needs to be cured at moderately 
elevated temperature of 124 F for a minimum of 6 hours. Teflon tap TFE-2 completely wrap the 
strain gauges for isolation purpose. The surface to which coating should be free of contaminates. 
So, clean the surface using M-line Gc-6 and dry the surface then M-coat FBT applied for water 
proof with less than 0.1 thickness. Air dry for 8 hours, followed by cure of 5 hours at 160 F, Lastly 
Dow corning 3145 TRV applied for mechanical protection and the cure 24 hours at room 
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temperature. All 16 strain gauges were installed on the three ribs of that opening – one strain gauge 
on each side of the rib. The installation was followed the same procedures as those under the field 
conditions, i.e. including waterproof and protection coating. All of strain gauges attached to 
geosynthetics in LTRC and then transported to PRF site. The geogrid was rolled from each end to 
achieve easy way to place it in the site. Figure 3-29 shows the total of 16 strain gauges were 
installed on each specimen. Locate the opening in the center of the specimen. All 16 strain gauges 
were installed on the three ribs of that opening – one strain gauge on each side of the rib. The 
installation was followed the same procedures as those under the field conditions, i.e. including 
waterproof and protection coating. 
 





3.14 Laboratory Cyclic Plate Load Tests  
3.14.1  Experimental Testing: General  
The experimental testing program for this study was performed to complete the objectives 
mentioned in Chapter one. The main objective of this task was to examine the benefit of using 
geogrid and high strength geotextile to reinforce the base layer and to stabilize very soft soil 
subgrade in flexible pavement; and to, examine the pavement performance with variation to, base 
course thickness, and geosynthetics type. For this purpose, the laboratory tests were conducted: in 
a steel box on paved sections. The experimental study also includes the investigation of the 
permanent deformation at the pavement surface, base layer and at the top of subgrade, also, stress 
distribution on the subgrade layer, with and without the using geosynthetics, and the strain 
distribution along the geosynthetics.  
3.14.2 Methodology 
In this program task, laboratory cyclic plate load testing were conducted on flexible pavement 
sections with and without Tests sections were constructed inside a test box .A load actuator consists 
of a pneumatic cylinder, was used to provide an average load of 40 kN (9000 Ib), 53 kN (12000 
Ib), 67 kN (15000 Ib) and 80 kN (18000 Ib). A load cell was used to monitor the load applied to a 
305 mm diameter steel plate that rests on the pavement surface. A waffled rubber pad 4 mm in 
thickness was placed between the steel plate and the asphalt concrete (AC) surface to ensure full 
contact and aid distributing the load.  
An in-box test sections were construct and observe the behavior of flexible pavement under 
a series of loading conditions to mimic the actual behavior of traffic loading. The tested sections 
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include six different configuration sections. Figure 3-31 shows the plane and profile of the tests 
planned. Test sections were constructed in a steel box with dimension of 2 m (6.5 ft.) (Length)× 2 
m (6.5 ft.) (Width) × 1.68 m (5.5 ft.). Each test section was constructed with 36 inches of heavy 
clay excavated from PRF (Pavement Research Facility) which is located on a six-acre site across 
the Mississippi River from Baton Rouge to represent the weak natural subgrade soil.  
3.15 Cyclic loading testing  
A hydraulic actuator was used to apply cyclic loads to the pavement test section through a 
loading plate sitting on the surface of the HMA. A cyclic loading of 40 kN (9000 Ib), 53 kN (12000 
Ib), 67 kN (15000 Ib) and 80 kN (18000 Ib). The cyclic laoding was  provide to the sections  by 
hydraulic pneumatic load actuator by I- beam connected to the top of steel box to apply cyclic 
loads in the form of trapezoidal wave pulse to the pavement surface.  Cyclic loading transferred to 
the pavement through a plate with 305 mm (12 in) diameter and 25.4 mm (0.25 in) thickness and 
3 mm thick rubber was used at the bottom of plate. resulting in an average plate vertical pressure 
of 550 kPa (80 psi), 730 kPa (106 psi), 910 kPa (132 psi) and 1103 kPa (160 psi). The tests were 
originally designed to apply a maximum load of 40 kN (9,000 Ib) for 100,000 cycles, followed by 
a maximum load of 53 kN (12,000 Ib) for additional 100,000 cycles, followed by a maximum load 
of 67kN (15,000 Ib) for another additional 100,000 cycles, and then followed by a maximum load 
of 80 KN (18,000 Ib) for last 100,000 cycles or until reaching 25.4 mm rut depth. However, due 
to the breakdown of pump system during the test, the actual load applied never reached 67kN 
(15,000 Ib) in some tests and 80 kN (18,000 Ib) in other tests. Meanwhile, due to the power outage, 
several tests stopped and restarted a couple of times. As such, to better compare the performance 
of each section, the test data were converted to ESALs using the fourth power rule. 
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 The total cycle time was 1.3 sec load pulse as in the Figure 3-30 consist of a liner load increase 
which 0.3 sec follow by 0.2 sec where the load was held at constant load and then followed by 0.3 
sec and then 0.5 sec before moving to the next loading cycles with frequency of 0.77 Hz. The 
actuator designed to be placed at the center of test section. Each section was loaded at multistage 
load values to accelerate the failure for the sections. All the loading cycles was converted to 





Figure 3-30 Load pulse applied in the test 
Six Test sections were constructed in a steel box with dimension of 2 m (6.5 ft.) (Length) × 2 
m (6.5 ft.) (Width) × 1.7 m (5.5 ft.) (Height). Figure 3-31 shows a typical pavement test section 






















Each test section was constructed with 1.06 m of heavy clay to represent the weak natural 
subgrade soil. The subgrade layer was constructed by mixing the soil with a certain amount of 
water to achieve the target moisture content and then compacting it to the target dry density with 
compaction lift thickness of 152 mm. A 305-mm thick geotextile–wrapped sand embankment was 
then constructed for Section 1. Sections 2 and 3, which have same base layer thickness of 457 mm, 
were reinforced by the geogrid. While both sections 2 and 3 have a layer of geogrid placed at the 
base-subgrade interface, there is an additional layer of geogrid installed at the upper one-third of 
the base layer for Section 2. Section 4 is a typical unreinforced control section with 457 mm thick 
base layer. The high-strength woven geotextile, placed at the base–subgrade interface, were used 
to reinforce Sections 5 and 6, which have base layer thickness of 457 mm and 254 mm respectively. 
The summary of configurations of each test section is presented in Table 3-11. An upper layer with 
457 mm (18 inches) of base course limestone was used for section 2, 3, 4 and 5 while the thickness 
of base course layer for section 1 and 6 was 254 mm (10 inch). Section 1 built, another 305 mm 
(12 inches) of wrapped sand with nonwoven geotextile was added then a 10 inches’ thick base 
course layer. All sections were constructed with HMA layer of 76.2 mm 3 inch thickness. Section 
2 and Section 3 were reinforced/stabilized by the triaxial geogrid, GG, placed at the aggregate base 
- subgrade interface. An additional layer of geogrid, GG, reinforcement was also installed at the 
upper one-third of the aggregate base layer thickness in Section 2. The high strength geotextiles, 
GT, were used to reinforce/stabilize Section 5 and Section 6 with base layer thicknesses of 457 
mm (18 inches) and 254 mm (10 inch) respectively. Figure 3-32 shows a typical box pavement 




Figure 3-31 Pavement structure of testing sections 
Table 3-11  Summary of Test Sections 
Section Description Geosynthetic Location Base HMA 
Section 1 Control section 
305 mm non-woven 
geotextile-wrapped  
sand embankment between 
the base and subgrade 





One layer GG @ base-
subgrade interface 
 and one layer GG at the 
upper 1/3 of base 




One layer GG @ base-
subgrade interface 
457 mm (18 in) 75 mm (3 in) 






One layer GT @ base-
subgrade interface 






One layer GT @ base-
subgrade interface 




Figure 3-32 the indoor test box and load actuator for cyclic load testing 
Note: All units in mm 
3.16 Pavement Construction 
For construction control of the paved section inside the test box, four different types of in situ 
measurement devices were used: a vane shear test, Nuclear Density Gauge, Geogauge Device, 
Dynamic Cone Penetrometer (DCP), and Light Falling Weight Deflectometer (LFWD). These 
devices measure the various parameters of the subgrade material, as well as crushed limestone 
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base material for density and moisture content. The portable seismic pavement analyzer (PSPA) 
and PQI were used measure the in-place properties of HMA. 
3.16.1 Subgrade Construction  
The subgrade soil (CH) was constructed and compacted to achieve a specific moisture content 
and dry density to obtain to achieve the same properties in accelerated loading testing lanes. 36 
inch layer of subgrade was constructed by adding 6 layers of 6 inch with target moisture content 
and dry density of 48% and 1,114 kg/m3, respectively, during construction. Each 6 in layer, a tiller 
was used to mix the soil with necessary amount of water and compacted with the jack hammer to 
achieve the target moisture content and dry density as shown in  Figure 3-33. Several tests were 
performed for each 6 in layer to assure quality control for each layer. Tests include measuring the 
moisture content, dry density, and the soil subgrade strength. 
The nuclear density gauge was used to measure the dry unit weight and the moisture content 
of each layer of the in-box test section by ASTM D3017-05 and ASTM D 2922-04 by testing five 
different locations and taking the readings at two different depths to measure the dry density and 
the moisture content of the test sections. Results of the nuclear testing, vane shear testing, DCPI 
from DCP test and Geogauge Device were showed in Table 3-12. After finishing construction of 
all the subgrade layers, the surface was leveled to prepare to place the instrumentation and to obtain 




Figure 3-33 Subgrade tilling 
3.16.2 Base course construction 
Mexican limestone was compacted for each 6 inch lift and mixed with water with shovel to 
get a homogenous aggregate layer to achieve target moisture content and dry density of 7.5% 
and1,983 Kg/m3, respectively. Then compact level each 6 inch layer by 203-mm x 203-mm plate 
adapted to a vibratory jack to get the target density as shows in Figure 3-34. The nuclear density 
gauge was used to perform the dry unit weight and the moisture content of each layer of the in-
box test section. Dynamic Cone Penetrometer (DCP) test was used in the crushed limestone base 
course layer to measure penetrometer values for each layer. Light Falling Weight Deflectometer 
(LFWD) and Geogauge device were also used to measure the stiffness and modulus for each 




Figure 3-34 Base course layer compaction 
 
Figure 3-35 Placed geosynthetics layers 
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3.16.3 HMA Construction 
The HMA was prepared by place the prime coat on the top of base layer, and then pace the 
cold mix mixture along the edges of the box with width of 314 mm (124 in). The remaining square 
center area of surface (1380 mm x 1380 mm) was considered to place the HMA layer. The HMA 
was provided from local asphalt plant. At the day of compaction, the asphalt was placed in the 
oven to heat for (3.5-4) hours at temperature of 170º C. After the HMA mixture reached the 
required temperature as shown in Figure 3-36, it was moved directly from the oven to test section 
and spread over the square central area, and sweep the HMA over the required area, and promptly 
compacted by jack hammer to the target thickness of HMA layer. The thickness of HMA layer 
was 75 mm (3 in).Figure 3-37 shows the coring the asphalt sample after each test.   
 
 





Figure 3-37 Coring Process for HMA Layer 
As previously mention the construction control of the paved sections inside the test box, 
different types of in situ measurement devices were used: a Vane shear test, Nuclear Density Gauge, 
Geogauge Device, Dynamic Cone Penetrometer (DCP) measure the in-place properties of subgrade 
to ensure quality control and quality assurance. Light Falling Weight Deflectometer (LFWD) 
Nuclear Density Gauge, Geogauge Device, Dynamic Cone Penetrometer (DCP) were used to assure 
the quality control for base layer. The portable seismic pavement analyzer (PSPA) and PQI were 
used measure the in-place properties of HMA. These devices measure the various parameters of the 
subgrade material, as well as crushed limestone base material for density and moisture content all 
the results of the pavement layers. Five measurements were conducted for each layer (At the box 
center and the other points at the edge of the steel box.  
3.17 Instrumentation 
Various types of instrumentations were installed at different locations within the pavement 
layers to predict the critical response stress and strain. Pavement response included deflection, 
strain, stress and pore water pressure at different location in the flexible pavement. Instrumentation 
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was used to understand the behavior of pavement with including geosynthetics at different 
locations in the pavement layer. Eight LVDT were attached to the top of the HMA layer, with two 
LVDT placed directly on the plate to average the permanent deformation beneath the plate. The 
other six LVDT were distributed along the long pavement surface centerline. Cyclic loading at the 
center point was applied and loaded to reach 25.4 mm (1 in) rutting. Omiga potentiometer was 
customized by attaching two circular disks onto the ends of the sensor. Excavate a hole then install 
the customized potentiometer and start to fill with fine particles and compact by small hammer to 
avoid any damage to the sensor.  Three pressure cells were installed at the top subgrade to measure 
the distribution of vertical stress. Two Kulite and one (Geokon 3500) pressure cells were also 
installed at the top of the subgrade. The maximum limit pressure was 400 kPa and 100 kPa for 
Geokon and Kulite respectively. The 4 inch Geokon was placed at 3 inch from the center of load 
plate, the pressure cell installation included using small tools to excavate a proper hole to place 
the cell. Then, measure the level of the pressure cell position then cover it by the subgrade soil and 
compact by hand tamper. These measurements can confirm the benefit of geosynthetics on the 
distribution of vertical stress on the top of subgrade as shown in Figure 3-38. At the subgrade, 
LVDT was installed at the center of pavement under the plate load, a steel tube was attached to 
the LVDT mounted and fix at the bottom of steel box as shown in Figure 3-39.  Pore water pressure 
was measured at the subgrade layer (Geokon 3400) with high limit of 400 kPa piezometer was 
used. Piezometer attached to a pump to de-air and then submerged in water to assure proper 
saturation. A small hole with 5 inches depth was excavated from the subgrade surface by used for 
piezometer location as shown in Figure 3-40. The customized potentiometer used to measure the 
vertical strain at middle of base layer for each lane. The potentiometer attached with two circular 
plate to measure the change in the distance between the two plates under wheel loading. Excavate 
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a hole with the same dimension for Potentiometer with and place the bottom plate at the leveled 
aggregate the fill the hole with sieved material or fine base course and the surrounding material 
compacted with small compactor as shown in Figure 3-41.  
 





Figure 3-39 Placed LVDT at top of subgrade 
 





Figure 3-41 Potentiometer installation 
Two type of strain gauges were selected for geogrid (EA-06-230DS-120) and for geotextile 
(EP-08-10CBE-120) from Vishay to measure the strain in geosynthatics. Sixteen strain gages were 
installed at the geogrid ribs and geotextile surface to measure the permanent strain with cyclic 
loading. All 16 strain gauges were installed on the ribs of that opening – in transfer direction. The 
installation was follow the same procedures as those under the field conditions, i.e. including 





Figure 3-42: Layout of strain gauges 
3.18 Construction Control 
During construction of test sections, the nuclear density gauge, Geogauge, and vane shear test 
device were deployed to measure the in-place properties of subgrade to ensure the quality of 
subgrade construction. The Dynamic Cone Penetrometer (DCP), Light Falling Weight 
Deflectometer (LFWD), nuclear density gauge, Vane shear test and Geogauge were used to 
measure the in-place properties for construction quality control of base course. The LFWD, 
Pavement Quality Indicator (PQI) and Portable Seismic Property Analyzer (PSPA) were used to 
measure the in-place properties of HMA. At least five measurement were made for each property. 
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The testes equipment used in this research were shown in the figures below(Figure 3-43 to 
Figure 3-49. For the subgrade layer, the dry densities varied from 1,092 to 1,112 kg/m3, with 
moisture contents ranging from 48.11% to 48.9%. The Geogauge moduli and undrained shear 





Figure 3-43 Vane Shear Test 
 




Figure 3-45Geogauge Device 
For the base course layer, the dry densities varied from 1,936 to 1,989 kg/m3, with moisture 
contents ranging from 6.9% to 7.9 %. The LFWD moduli, geogauge moduli, and DCP index 




Figure 3-46 DCP 
 
Figure 3-47 LFWD 
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 For the HMA layer, The LFWD moduli and PSPA shear moduli were in the range of 220 
to 288 MPa and 16,556 to 23,476 MPa, respectively. The air voids and density from PQI 
measurement were in the range of 6 to 12% and 2,066 to 2,274 kg/m3, respectively. The air 
voids, density and indirect tensile strength of HMA were also obtained from the core sample 
taken after test. They were in the range of 6 to 10%, 2,242 to 2,402 kg/m3, and 2,269 to 3,781 
MPa, respectively. 
 
Figure 3-48 PSPA 
 








































58.00 76.00 22.41 165.00 



















58.00 76.00 22.00 161.00 



















54.00 7.00 23.39 185.00 



















58.00 78.00 22.89 175.00 



















58.00 76.00 22.58 165.00 





















58.00 76.00 22.58 165.00 




















57.9 76.4 23.68 168.00 




















57.60 73.1 23.80 178.00 
CV (%) 0.99 1.01 4.90 2.98 0.04 3.60 
1Moisture content; 2Dry density; 3In-situ vane shear test; 4EGG=P (1-2)/1.77R, P= the     










Table 3-13 In-place properties of Base Layer 
Test 
Section 
















Mean 7.30 1988.43 121.63 114.99 5.58 
Min 7.10 1959.06 79.65 99.61 4.60 
Max 7.20 2045.56 134.10 134.10 6.25 
CV (%) 2.61 2.34 19.20 13.36 8.52 
Section 2 
Mean 7.83 1938.16 112.43 132.92 5.05 
Min 6.94 1915.65 89.13 119.79 4.15 
Max 8.84 1994.78 122.80 150.74 6.65 
CV (%) 11.14 2.36 38.94 11.19 11.56 
Section 3 
Mean 6.90 1936.23 120.70 130.00 5.28 
Min 6.40 1912.60 119.42 121.15 4.90 
Max 6.90 2021.53 122.12 136.69 5.90 
CV (%) 3.26 2.98 1.02 4.94 9.02 
Section 4 
Mean 7.10 1967.07 106.05 135.39 5.35 
Min 6.50 1890.18 99.67 131.68 4.50 
Max 6.80 2031.14 127.50 138.09 6.50 
CV (%) 14.26 3.50 12.25 1.93 8.24 
Section 5 
Mean 7.94 1956.50 113.93 129.93 5.06 
Min 8.40 1920.61 100.50 120.71 4.04 
Max 7.80 1981.48 120.50 144.51 6.14 
CV (%) 2.98 3.02 7.10 8.71 11.10 
Section 6 
Mean 7.52 1955.85 80.54 119.25 5.49 
Min 7.90 1954.25 79.20 110.25 4.98 
Max 6.80 2010.32 81.50 125.20 6.52 
CV (%) 6.10 2.01 1.00 8.15 5.94 
Section 4 
Pre-rut 
Mean 8.36 2004.23 121.01 114.99 5.82 
Min 8.00 1955.85 110.50 99.61 4.99 
Max 8.90 2034.34 128.50 134.10 6.30 
CV (%) 0.06 0.02 0.07 0.13 2.40 
Section 5 
Pre-rut 
Mean 7.74 2005.51 122.66 124.33 5.81 
Min 7.40 1975.08 120.10 114.84 4.10 
Max 8.00 2029.54 126.99 144.45 6.50 
CV (%) 0.03 0.01 0.02 0.10 0.90 
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1Moisture content; 2Dry density; 3ELFWD=P(1-)R/c, =the applied stress, R=the loading 
plate radius of LFWD, c=center deflection of the loading plate; 4EGG=P(1-2)/1.77R, P= the 
applied force, =Poisson’s ratio, R=outside radius of the Geogauge ring foot, =the 
displacement; 
Table 3-14 In-place properties of HMA 
Test 
Section 
  HMA 
























Mean 226.40 7.33 2166.94 16556.04 6.74 2324.74 2269.75 
Min 209.00 5.00 2045.56 14065.31 4.65 2295.99 2058.00 
Max 250.00 8.90 2322.68 22063.23 7.90 2376.88 2564.90 
CV (%) 8.34 30.21 3.24 19.56 19.3 1.02 10.25 
Section 2 
Mean 238.00 8.27 2161.25 20293.86 7.05 2317.14 2533.12 
Min 221.80 5.80 2116.04 15030.57 6.13 2298.38 2433.40 
Max 275.00 10.40 2229.77 25579.56 7.57 2340.04 2585.49 
CV (%) 8.99 1.90 1.89 17.64 9.89 0.99 17.89 
Section 3 
Mean 239.44 6.86 2170.50 18727.89 6.58 2328.81 2368.91 
Min 210.40 5.90 2002.31 14547.94 5.74 2281.08 1932.31 
Max 270.40 8.10 2257.00 22959.55 8.50 2349.87 2686.11 
CV (%) 13.52 15.23 3.64 17.12 15.9 1.50 13.17 
Section 4 
Mean 288.62 7.22 2220.16 23476.65 6.20 2339.11 2543.14 
Min 246.17 5.03 2002.31 21925.33 5.66 2319.85 2084.54 
Max 329.27 9.58 2381.95 27510.09 6.81 2374.25 3084.83 
CV (%) 12.98 19.89 4.83 10.24 6.80 1.50 16.22 
Section 5 
Mean 279.16 6.56 2279.78 22144.24 6.62 2338.44 2378.26 
Min 231.40 5.70 2196.13 19581.12 6.27 2323.20 2065.53 
Max 379.40 7.80 2369.13 25993.24 7.02 2351.70 2545.89 
CV (%) 20.78 11.68 3.01 11.15 15.1 1.02 17.62 
Section 6 
Mean 220.50 7.16 2192.75 18367.64 6.93 2320.08 2669.28 
Min 212.00 5.60 2082.40 14410.05 6.39 2308.84 2206.32 
Max 238.00 8.80 2337.09 22132.18 7.38 2333.66 2922.34 
CV (%) 16.28 15.23 2.98 16.00 7.01 1.50 12.01 
Section 4 
Pre-rut 
Mean 293.17 6.79 2323.38 20293.86 7.63 2177.09 2165.14 
Min 260.64 5.31 2273.03 15030.57 5.00 2128.85 1973.62 
Max 348.64 8.82 2360.55 25579.56 8.60 2250.59 2380.42 
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CV (%) 0.07 0.21 0.02 0.17 0.21 0.02 0.21 
Section 5 
Pre-rut 
Mean 286.39 7.38 2308.87 19823.29 7.53 2147.72 2320.09 
Min 237.39 6.39 2279.95 14410.05 6.50 2119.24 2064.98 
Max 389.22 8.54 2333.66 22752.70 9.30 2293.84 2685.51 
CV (%) 0.21 0.14 0.01 0.13 0.13 0.04 0.11 
1ELFWD=P(1-)R/c, =the applied stress, R=the loading plate radius of LFWD, c=center 
deflection of the loading plate; 2 Determined from the core samples taken after test; 3 Measured 
by Pavement Quality Indicator; 4 Measured by Portable Seismic Pavement Analyzer; 5 Dynamic 
complex modulus. 
 
3.19 Field Cyclic Plate Load Tests at ALF test sections  
3.19.1  Experimental Testing: General  
The experimental testing program for this study was performed to complete the objectives 
mentioned in Chapter one. The main objective of this task was to examine the benefit of using 
geogrid and high strength geotextile to reinforce the base layer and to stabilize very soft soil 
subgrade in flexible pavement; and to, examine the pavement performance with variation to, base 
course thickness, and geosynthetics type. For this purpose, the field tests were conducted in ALF 
tests sections at PRF site. The experimental study also includes the investigation of the permanent 
deformation at the pavement surface and the stress distribution on the subgrade layer, with and 
without the using geosynthetics, and the strain distribution along the geosynthetics. The cyclic 
plate load tests were also performed to be conducted on the different ALF test sections for the 
purpose of verification and validation the results of in-box cyclic load tests on geogrid reinforced 
base pavement sections. This was achieved through comparing the performance of Alf test sections 
under rolling wheel loading with the performance under cyclic plate load test, in terms of surface 
rutting. The purpose here is to investigate the possibility of deriving a correlation coefficient 
between the two loading tests. A field frame consisting of two I beam was designed to 
accommodate the actuator crosshead, the cooling system was established and six steel blocks were 
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used for loading. Figure 3-50 shows the arrangement of moved and applied load for cyclic plate 
load test. 
 






3.19.2 Cyclic Plate Load Tests 
  A hydraulic actuator, which has a force rating of 22 kips (100 kN) and a dynamic stroke of 
6 in. (152.4 mm), was placed between two I beam of the crosshead. A field frame consisting of 
two I beam was constructed to support the crosshead. Figure 3-50 presents a photo of the cyclic 
plate loading test setup. The cyclic load was applied through a steel rod that fits into a concave-
shaped hole on the loading plate that sits on the surface of the HMA (hot mix asphalt) layer. The 
loading plate was a 1-in. (25 mm) thick steel plate, 12 in. (305 mm) in diameter. The maximum 
applied load in tests was 9,000 lb. (40 kN), which results in a loading pressure of 80 psi (550 kPa) 
and simulates dual wheels under an equivalent 18,000 lb. (80 kN) single axle load. The load pulse, 
as shown in Figure 3-51, has a linear load increase from 500 lb. (2.2 kN) to 9,000 lb. (53 kN) in 
0.3 second, followed by a 0.2-second period where the load is held constant at 9,000 lb. (53 kN), 
followed by a linear load decrease to 500 lb. (2.2 kN) over a 0.3-second period, then followed by 
a 0.5-second period of 500 lb. (2.2 kN) (rest period), before the next loading cycle is applied. This 




Figure 3-51 Load pulse applied in the test 
3.19.3 In-Place Properties 
The light falling weight deflectometer (LFWD), nuclear density gauge, Geogauge, and 
Pavement Quality Indicator (PQI), and Portable Seismic Pavement Analyzer (PSPA) were used to 
measure the in-place properties of HMA. Dynamic Cone Penetrometer (DCP) test was used in the 
crushed limestone base course layer and subgrade soil to measure penetrometer values (DCPI) for 
each layer. At least three measurements were performed for each property. The mean, minimum, 
and maximum values of these properties are summarized in Tables 2 for all test pavement lanes 
sections. The corresponding coefficient of variation (CV), which is calculated by dividing the 
standard deviation by the mean, is also presented in the tables. The air voids, density, and dynamic 
modulus of HMA were obtained from the core samples. As can be seen from Tables 2 and 3, the 




















specific stiffness modulus for the testing devices. None of these can be directly used in the 
mechanistic-empirical analysis of the pavement sections without use of proper correlations with 
resilient modulus. 
Table 3-15 In-place properties of pavement layers 
Test 
Section 
  HMA 

























Mean 91.53 5.27 2323.59 19505.4 6.1 2215.35 6.52 52.86 
Min 84 4.96 2271.56 18594.8 4.7 2162.49 5.86 36.36 
Max 95.7 6.52 2369.01 20793.6 8.3 2248.99 7.28 64.88 
CV% 7.1 20 21 5.9 31.1 20.9 11 28 
section 2 
Mean 96.7 4.41 2362.53 17590.8 5.63 2233.83 5.31 74.31 
Min 89.2 3.2 2330.2 15830.4 4.98 2210.23 4.84 62.5 
Max 101.25 6.52 2396.3 20546.4 6.1 2255.08 5.9 82.52 
CV% 6.2 34 14 14.6 10.3 10.3 10 15 
Section 3 
Mean 99.8 4.8 2373.15 18546.9 6.03 2437.1 5.1 74.61 
Min 95.8 4.09 2345.7 15513.2 4.4 2229.77 4.12 64.25 
Max 103.8 5.9 2390.88 20960.1 7 2197.73 5.6 89 
CV% 4 20 10 14.9 23.5 16 17.1 17 
Section 4 
Mean 90.4 6.52 2331.1 19870.7 4.53 2249.53 4.8 73.49 
Min 95.2 4.9 2289.04 14658.3 3 2204.14 4.25 65.75 
Max 103.8 6.38 2370.6 22614.8 6.4 2285.83 5.5 80.68 
CV% 7.4 15 17.5 22.7 38 18.4 13 10 
Section 5 
Mean 88.37 5.88 2362.58 17122 6.53 2202.54 5.9 60.1 
Min 82.4 5.55 2330.2 15568.4 5.3 2165.7 4.55 57.3 
Max 93.8 6.52 2402.77 21387.5 8.1 2231.37 7.02 65.47 
CV% 6.4 10 15.6 21.2 21.8 15.2 21 7 
Section 6 Mean 74.6 5.65 2351.94 21442.7 5.93 2364.86 5.8 50.34 
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Min 69 4.75 2320.5 17926.4 4.6 2120.84 4.8 32.71 
Max 78 6.9 2374.1 25165.9 6.8 2570.96 7.38 68.08 
CV% 6.5 20 11.8 16.9 19.7 9.6 24 35 
Section 7 
Mean 78.67 5.48 2356.29 23474.4 5.89 2219.63 7.2 55.89 
Min 76.5 4.29 2337.14 16892.2 5.1 2146.47 4.45 40 
Max 81.5 6.24 2385.79 26820.6 6.78 2269.82 8.13 61.97 





 DISCUSSION OF TEST RESULTS 
4.1 Introduction  
Three different types of testing were performed on a flexible pavement built on a soft subgrade 
to examine the pavement structural performance. As discussed in the methodology chapter, several 
instrumentations were used in this research to monitor the pavement performance during loading. 
This monitoring was performed in all types of tests for comparison purposes. The results have 
been presented and discussed in this chapter 
4.1.1 Pre-Rutting Phase 
4.1.1.1 TOTAL PERMANENT DEFORMATION FOR PRE-RUTTING PHASE 
Figure 4-1 presents the accumulation of the total permanent deformation along with the number 
of wheel passes for the six test lane sections, by take the average of the permanent deformation 
measurements of  6 different locations along the wheel path in each section. The control sections, 
Sections 1 and 4, exhibited significantly greater total permanent deformation than the reinforced 
sections under the same number of wheel load passes, indicating the benefits of geosynthetics in 
reducing permanent deformation in unpaved roads built over soft soil subgrade (e.g., 
geosynthetics were mobilized). 
Compared to the test sections that are reinforced with the triaxial geogrids (Sections 2 and 
3), the test sections with the high-strength geotextile (Sections 5 and 6) showed less permanent 
deformations. Between Sections 2 and 3, Section 2 was reinforced with two layers of geogrids, 
showed less permanent deformation at the end of the testing. It is worth pointing out that there is 
less deformation at the early stage of the traffic in Section 2, which may be due to early 
mobilization of the geogrid layer installed at the upper one-third of the aggregate layer in Section 
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2. The two control sections, Sections 1 and 4 showed almost same performance in terms of total 
permanent deformation. 
 
Figure 4-1 Accumulated total permanent deformation  
Two customized 6 in. long potentiometers were installed at the mid-height of the aggregate 
layer for each test section. Measurements from the potentiometer were relative distances between 
its two end plates. The change in the distance was converted into the compressive strain which was 
subsequently used to estimate the deformation of the aggregate layer by multiplying with the 
overall thickness of the aggregate layer. The use of the potentiometer measurements for estimating 
the aggregate layer deformation assumes that the compressive strain of the aggregate layer is 
represented by the mid-height compressive strain. Figure 4-2 presents the derived permanent 




Compared to Section 3, Section 2 with two layers of geogrids showed significantly less 
aggregate layer deformation. Unlike other test sections, Section 6 showed a nearly linear increase 
of the aggregate layer permanent deformation. Although Section 1 showed a higher total 
permanent deformation at the same number of wheel passes (Figures 4-2 and 4-3), the aggregate 
layer deformation in Section 1 is relatively smaller, indicating that the underlying sand 
embankment may significantly contribute to the overall permanent deformation in Section 1. 
The subgrade was instrumented to measure both the permanent and elastic deformations of the 
subgrade at select intervals of the ALF traffic. As previously mentioned, the LVDTs were mounted 
in a steel rod, which had one end relatively fixed to a great depth of the soil foundation. Therefore, 
the permanent deformation measured by LVDTs represented the overall deformation of the entire 
subgrade layer. Some of the LVDTs were damaged due to the construction or moisture intrusion. 
Figure 4-3 depicts the accumulation of subgrade permanent deformations along with the number 
of wheel passes for Sections 4 and 6. LVDTs in other test sections were out of order during the 
accelerated pavement testing. 
As can be seen in Figure 4-3, the control Section 4 has a significantly less deformation in the 
subgrade surface than Section 6, which is reinforced by the high-strength geotextile. This may be 
due to the fact that the aggregate layer of Section 4 is 21 cm (8 in) thicker than that of Section 6, 
suggesting that the additional 21 cm (8 in) aggregate layer provides more protection to the 
subgrade layer than the high-strength geotextile layer does. Additionally, the development of the 
subgrade permanent deformation became stable after certain number of wheel passes, suggesting 
the mobilization of geosynthetics, while the total permanent deformation still increasing 
dramatically, especially for control Sections 1 and 4. 
139 
 
The total surface permanent deformation or rutting for each test section, measured by using the 
laser profilometer at various intervals of traffic load applications, consists of permanent 
deformation in the aggregate layer and the soil subgrade. Referring to Figure 4-3, it is noted that 
the majority of the total permanent deformation is generally attributed to the permanent 
deformation in the aggregate layer. The load-induced permanent deformation is usually a result of 
material densification, shear-related deformation, or a combination of both, which can occur in 
any layer of the pavement system. The measurements of aggregate layer deformation demonstrate 
that the aggregate base layer has the greatest relative layer contribution to the total permanent 
deformation of the test sections. 
 





Figure 4-3 Accumulated permanent deformation in subgrade 
Figure 4-4 shows the vertical stresses at the top of  the subgrade layer in all the lanes measured by 
the pressure cells, and also shows the peak vertical stress at the top of subgrade at different stages 
of traffic loading for all the test sections. In general, vertical stresses on top of the subgrade slightly 
decreased (Sections 1, 4, and 5) or remained in a relatively stable state (Sections 2 and 3) 
throughout the testing with exception of Section 6. The decrease in vertical stress at the top of 
subgrade indicates the increase in stiffness of the aggregate layer overlying the subgrade, which is 
probably due to further compaction of granular aggregates under the repetitive traffic load. On the 
other hand, the vertical stress at the top of subgrade in Section 6 increases, suggesting the 
possibility of degradation in the thinner aggregate layer along with the repetitions of the wheel 
load. As can be seen in Figure 4-4 among Sections 2, 3, 4, and 5 with the same aggregate layer 
thickness, the magnitudes of the peak subgrade stress vary around 50 to 60 kPa. No consistent 
influence on subgrade vertical stress due to the presence of geosynthetics was noted for any of the 
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test sections, indicating that geosynthetics may not contribute to the resilient properties of 
pavement as other studies have suggested. 
 
 
 Figure 4-4 Peak subgrade vertical stress along with number of wheel passes 
Strain Developed in Geosynthetics  
Foil strain gauges were installed on opposite surfaces at each location to measure tensile strains 
developed in geosynthetics with the repetitions of the traffic load. The measurements from strain 
gauges on opposite surfaces were averaged to account for the flexural bending effects. Figure 4-5 
shows the geosynthetic tensile strains measured at the centerline of the test sections. No reliable 




Figure 4-5 Geosynthetics strains measured at center of test sections. 
  
As can be seen in Figure 4-5, the geosynthetics installed at the subgrade - aggregate layer 
interface generated a strain around 0.2% at the end of the traffic loading. Between the two layers 
of geogrids in Section 2, the geogrid installed at the upper one-third of the aggregate layer 
developed the tensile strains that are more than twice the tensile strains of the geogrid installed at 
the subgrade-aggregate layer interface. Overall, Figure 4-5 demonstrates that the geosynthetics 

































4.2 Paved Sections Phase 
4.2.1 Dynamic response 
Instrumentations in this study were used to evaluate the different responses of the sensor 
including stress, strain and pore water pressure. The pavement dynamic responses to the rolling 
wheel are very important to study the stress and strain under dynamic loads. Figure 4-6 to 
Figure 4-9 show the typical response of pressure cell, piezometer, potinemeert, strain gauges as 
dual wheel tire of ALF passed over the instrumentation at the top of subgrade layer. The pavement 
resilient responses to moving traffic load are of great importance since they can be used to 
calibrate and verify the mechanistic models for ME analysis and design. The dynamic responses 
of different instrumentations to the ALF machine load were reported at the periods of different 
loading as shown in the figures.The figures also, show the conventional vertical stress signals of 
pressure cells measured under the 9,750-lb. ALF wheel load.  The measured vertical stresses at 
the top of subgrade were higher in lane six than other lanes due to the difference in thickness. 
However, the different in the vertical stress for the other lanes, the reinforced lanes distribute the 
stress higher than the control lane, showing that geosynthetics may have poor contribution to the 




Figure 4-6 Typical measured vertical stresses under wheel loading 
 











































































Figure 4-8 Resilient Deformation at the top of subgrade under wheel loading 
 
Figure 4-9 Typical measured Excess Pore Water Pressure under wheel loading 
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4.2.2 Surface permanent deformation 
Accelerated loading facility (ALF) was applied to each lane until rutting failure criteria were 
reached. Lane six with the 254 mm (10 in) base thickness sustained the least loading passes, and 
large surface rutting was created after 25000, the rate of rutting for lane 6 was higher than other 
lanes, followed by lane 1 with 305 mm (12 in) wrapped sand and 254 mm (10 in) base thickness, 
and then the control lane 4 with rutting of 21 mm occurred after 310,000 wheel passes. The control 
sections, Section 4, exhibited significantly greater total permanent deformation than the reinforced 
lanes (lane 2, 3 and 5) under the same number of wheel load passes, indicating the benefits of 
geosynthetics mobilization in reducing permanent deformation in pavement built over soft soil 
subgrade. Lane 2 with double reinforcement performed better than the other lanes. Lane 6 with the 
254 mm (10 in) base thickness sustained the least loading passes, followed by the lane 1 with (12 
in) wrapped sand and 254 mm (10 in) base thickness, and then the control lane 4 with, and then 
lane 3.Also, table exhibit the total surface permanent deformation with number of wheel passes. 
The average rutting was measured at 200, 600, 1500, 3500, 6000, 10000, 35000, 60000, 
85000 ,110000 ,210000 passes until failure criteria which is 19.05 mm (0.75 in) was reached. 
The results show that the rutting was higher in the control lane (lane 4) than in the lanes with 
geosynthetics-reinforced pavement. Furthermore, the results also show that the service life 
increase in the of the geosynthetics stabilized/reinforced test lanes than of the control lane. 
Number of wheel passes in which the lanes have failed by reaching 19.05 mm are summarized 
in Table 4-1 which shows the number of wheel passes with final surface permanent deformation. 
This rutting analysis is based on the average of 6 positions for each lane. These data support the 
observations that lane 6 with (10 in) base thickness sustained the least number of wheel passes, 
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followed by lane 1 and lane 4 (control lane). In addition to measurements of rutting at selected 
locations, the longitudinal profile of the pavement was examined after each lane reached the rutting 
criteria. These curves provide a more comprehensive method for comparison of the various lanes, 
as they provide an overall indicator of pavement performance through the whole lanes 12 m (40 
feet) long. For a long of longitudinal profile measurement some of locations then high surface 
rutting than other locations due to that wheel loading can’t apply full loading to the whole lane and 
may correspond to weaknesses, or strength along the pavement lane. These locations correspond 
to the point weak pavement system. The surface profiles were recorded at intervals of 6.5 foot, 
providing a better measure of the variability along the wheel path.  
The ALF device can apply 380 load cycles per hour. The loads applied to the pavement can 
be altered by the operatives from a weight of 9,750 lbs (43.4 kN) to 21,250 lbs (111.25kN) by 
adding load plates. The loading record and the permanent deformation at each loading stage of 
all the six lanes is shown in Table 4-1. 
The applied loading was distributed alternatively between the six lanes sections in an 
endeavor to minimize the related environmental impacts happening through the loading stage. 








Table 4-1: ALF passes applied with actual loading wheel. 
Lanes 









110000 44 8.70 
210000 54 17.40 




110000 44 3.98 
210000 54 11.50 




110000 44 5.36 
210000 54 12.40 




110000 44 7.06 
210000 54 13.8 
310000 64 21.73 
Lane 5 
 
110000 44 3.87 
210000 54 9.90 
410000 64 20.10 
Lane 6 
 
7500 44 10.90 
25000 44 14.98 
75000 44 19.10 
 
Because of different loading patterns between various test lanes and to properly compare the 
pavement performance of the test lanes, the test data for the different sections were converted to 
Equivalent Single Axial Loads (ESALs) using the fourth power rule as follows. As shown the 
permanent surface deformation with number of ESALS.  




                     
Where N is the number of loading cycles. 
There was an extreme increase in permanent surface deformation after 1,119,165 ESALs for 
lane 2 and 796,012 ESALs for lane 3. This sudden and unexpected increase in surface rutting for 
Sections two and three is thought to be associated with the heavy rainfall that occurred through 
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applying loading at that time, and the constructed drainage system could not control that huge 
amount of rain. After the rain, had stopped directly DCP test was performed to study the actual 
characterization for the base layer. DCP test results data pointed out that the bottom one-third of 
the base course layer was significantly weakened and soft in comparison to the DCP before the 
rain. DCPI shows that huge increase for the base layer from almost 10 mm/blow to about 70 
mm/blow. This obviously confirms the vital effect of a drainage system on the pavement 
performance based on rutting results from both reinforced and unreinforced sections. The 
AASHTOWare Pavement ME was used to mimic the softening effect of the one-third bottom of 
base layer by dividing the base layer of lane 2 and 3 into two individual layers. The two-third stiff 
upper base layer and the one-third bottom soft base layer). Consequently, the Surface permanent 
deformations were then modified by assuming the one-third bottom weak base possessed the 
similar property as the two-third upper stiff base. The modified permanent deformation curves 
were also shown in Figure 4-10 and Figure 4-11. 
 







































































*adjusted by considering the 
weakening of bottom of base layer





Figure 4-11 Surface total permanent deformation 
4.2.3 Permanent deformation for base and subgrade 
the LVDTs were attached with a steel bar, which had one end almost punished to a large 
depth of the subgrade. Accordingly, the permanent deformation estimated by LVDTs expressed 
the total deformation of the whole subgrade layer. Results from the LVDT measurements were 
shown in Figure 4-12 and Figure 4-13. The results show that the permanent deformation in lane 
4 (control lane) was higher than in lanes 2,3 and 5 (reinforced lanes). The rate of permanent 
deformation was also higher in the lane 6 than other lanes due to the difference in base layer 
thickness. The customized potentiometer was placed at the middle of the base layer thickness for 
each lane. Displacement extracted from the potentiometer was relevant ranges between two end 
plates. The displacement collected after finishing the loading for each protocol was turned into 
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the compressive strain that is consequently used to determine the permanent deformation of the 
base layer by multiplying with the overall thickness of the base layer.  
 
Figure 4-12 Number of passes with subgrade permanent deformation. 
 























































































































































Figure 4-15 Total permanent deformation in aggregate layer 
4.2.4 Vertical Stresses at the Top of the Subgrade 
All six lanes were instrumented with two pressure cells (Geokon Model 3500). The pressure 
cell sensors were installed top of the subgrade and below the geosynthetics layer. The measured 
vertical stresses within the loaded area under different dual tire loadings was observed. The 












































































Figure 4-16 Peak subgrade vertical stress along with number of wheel passes 
Figure 4-16 shows that the lowest vertical stresses at the top of the subgrade were shown for 
the section 1 due to the higher thickness of layers than other lanes, while the largest vertical stress 
at the top of the subgrade were shown for lane 6 due to 10-inch base layer. However, the difference 
between the stresses reported for the lanes 2, 3, 4 and 5 can be completely explained by the 
difference in HMA thickness, base layer thickness variations and the geosynthetics effect.    
4.2.5 Geosynthetics Strain Gages 
Foil strain gauges were placed at a different position to measure the permanent strains generated 
in geosynthetics with repetitions of the wheel load. No good results were obtained from strain 
measurements for Section 5 and Section 6 due to the damage and loss of strain gauges.  Figure 4-
17 shows the geosynthetic tensile strains measured at the centerline of the test lane sections with 
ESALs. Strain gauges instrumentation and measurement can provide an indication for geogrid 
interlocking and geotextile surface friction. The higher value of permanent strain at the 
geosynthetics indicates that the geosynthetics layer prevents the lateral movement of base layer 
particles. Also, the highest measurement of permanent strain directly centers line of the pavement 
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test section lanes.  Higher Permanent Strain developed for the geogrid installed at the upper one-
third of the aggregate layer than for the geogrid installed at the subgrade–aggregate layer interface. 
As Figure 4-17 shows, the geogrid installed at the base-subgrade interface for lane 3 has higher 
permanent strain than lane 2. 
 
Figure 4-17 Geosynthetic strains measured at center 
4.3  Cyclic Plate Testing in the Lab  
4.3.1 Pavement Surface Deformation 
The total surface pavement deformation was obtained from 8 LVDTs attached to the HMA 
surface. Total permanent deformation for the six sections is shown in figure 4-18. The results 
achieved from cyclic plate testing show that the total permanent deformation was accumulated 
with the number of load cycles. Figure 4-18 shows the performance of six test sections in terms of 
permanent deformation due to cyclic number with different load stages which is convert to ESALS 
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with and without geosynthetics placed at different locations. Sections constructed with 
geosynthetics show less increase of the rutting rate as compared to unreinforced sections and more 
reduction in the total surface deformation. It could be noted  that sections 1, 3, 4, 5, and 6 can 
sustain a 1,188,084; 3,367,399; 1,540,312; 3,439,960 and 252,836 ESALS respectively for a rut 
depth of 25.4 mm (1 in). Section 2 double reinforcement can sustain a 3,167,943 ESALS for rut 
depth of 12 mm (0.5 in). Section 2 with double layer geogrid reinforcement showed less total 
surface permanent deformation than other sections. The permeant deformation (rutting) of section 
1 was less than Section 4, which means that the 203 mm thickness of limestone is more capable of 
reducing rutting than the 305 mm thickness nonwoven geotextile-wrapped sand embankment. 
Section 6 exhibited the weakest permeant deformation (rutting) performance with the six test 
sections mainly due to its much thinner base layer (254 mm vs. 457 mm).  
 
Figure 4-18 Development of Surface Permanent Deformation 
Surface contours of the top of the HMA were measured using eight LVDTs, typical 










































shows that higher rutting beneath the loading plate and section 2 with double reinforcement both 
provide lower surface rutting than other sections at the 1,000,000 ESALs loading.  
 
Figure 4-19 Profile of surface deformation at 1,000,000 ESALs 
4.3.2 Permanent Deformation in Base and Subgrade 
As previously mentioned, the customized potentiometer was installed at the mid-height of 
base layer to measure the compressive strain. It is assumed here that the compressive strain at the 
mid-height represents the mean compressive strain of the whole layer. As such, the overall 
deformation of the entire base layer was determined by multiplying the measured compressive 
strain by the thickness of base layer. In the subgrade layer, a customized LVDT was mounted on 
a steel rod, which had an end fixed to the bottom of the steel box. Therefore, the deformation 
measured by the LVDT is the overall defamation of the entire subgrade layer. Figures 4-20 and 4-
21 illustrate the development of base and subgrade permanent deformation with number of EASLs. 
As can be seen from the figures, for the control section (Section 4), the subgrade layer makes more 








































The use of geosynthetics resulted in reducing the permanent deformations in both the base and 
subgrade layers (Sections 2, 3, and 5). However, when the geosynthetic is placed at the base–
subgrade interface, significant reduction of permanent deformation occurred in the subgrade layer 
while only a small reduction of permanent deformation was observed in a base layer (Section 3 
and 5). This means that the geosynthetic at the base-subgrade interface mostly enhanced the 
performance of the weak subgrade; i.e., it functions more as stabilizing the weak subgrade layer 
than reinforcing the base aggregate layer. For the double reinforced layer (Section 2), the 
permanent deformations were significantly reduced in both the base and the subgrade layers. This 
suggests that while the performance of subgrade was significantly improved by the geogrid at the 
base-subgrade interface, the performance of base layer was enhanced by the geogrid placed at the 
upper one–third of the base layer. Meanwhile, for Section 1, low permanent deformation was 
measured in the base aggregate layer (close to Section 2) due to the use of much thinner base layer 
(254 mm vs. 457 mm). This means that considerable deformation is expected in the geotextile-
wrapped sand layer, although unfortunately, no deformation measurement is available for this 




Figure 4-20 Development of Permanent Deformation in Base 
 



















































































4.3.3 Vertical Stress in the subgrade 
Figure 4-22 shows the vertical stress distribution for different locations at 50 mm below the 
subgrade surface along the center line, and presents the stress distribution with number of cycles. 
The stresses measured were the total vertical stresses induced by the peak load during each cycle, 
and the stresses induced by the weight of the soil are not included. Because the customized LVDT 
used to measure the deformation of subgrade layer was installed directly underneath the center of 
the loading plate, the stress measurement at this location was not available. However, the 
magnitude of vertical stress was increased away from the plate in the reinforced test sections 
compared to the unreinforced sections. This may suggest that the load was redistributed to a wider 
area in the geosynthetic reinforced test sections, resulting in an improved stress distribution on top 
of the subgrade layer. As expected, Section 6 registered the highest pressure near the center due to 
shallow depth of subgrade layer, while Section 1 registered lower pressure near the center due to 
the deeper subgrade layer, compared to the other sections.  
 The 3 pressure cells were installed at distances of 152.4 mm (6 inches), 304.8 mm (12 inches), 
594.4 mm (23.4 inches) away from the center respectively. Vertical stress at the top of subgrade 
varied with base course layer modulus, thickness of base course layer, stiffness of geosynthatics 
and properties and thickness of HMA layer. The vertical stress distribution was measured at several 
number of cycles with value of applied load. Figure 4-22 shows the vertical stress distribution for 
a 40 kN (9000 kips) load. Section 4 produced higher vertical stress than other reinforced sections 
with the same base layer thickness. The effect of geogrid and geotextile reinforcement can provide 
more stiffness for base course layer and increase load distributed for reinforced sections. Vertical 
stress was transferred to a wider area on the soil subgrade. Section 5 with high strength geotextile 
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provide more uniformly stress distribution than a geogrid TX-5 section 3 because of higher tensile 
modulus for the geotextile and that conclude that the higher the geosynthetics tensile stiffness, the 
more beneficial the geosynthetics reinforcement. Vertical stress distribution for section 2 with 
double reinforcement is lower than other sections, due to more stress distribution and increase the 
base layer stiffness due to the interlocking and the confinement stress at base course layer. More 
uniformly distributed load was found in section 2 with double reinforcement than other sections 
because of reinforcement layer. This layer can prevent lateral spread of the base course layer and 
a reduction in rutting when the number of load increases then can increase the possibility for 




Figure 4-22 Vertical Stress Distribution at 100,000 ESALs 
4.3.4  Development of Excess Pore Water Pressure in the Subgrade 
The value of the pore water pressure is one of the factors that governs the subgrade behavior 
under dynamic loading. Generating pore water pressure under traffic loading is very significant in 
subgrade performance. When cyclic load was applied, the grains move and create more 
displacement and induce high pore water pressure. Christopher and Holtz, 1991; Alobaidi and 
Hoare, 1996 suggested to place the geosynthetics layer at subgrade base course interface to 
dissipate pore water pressure. Piezometer from Geokon used to measure the pore water pressure 
at depth of 127 mm (5 in) in the subgrade layer at three inches from the center. Figure 23 shows a 
rapid increase in pore pressure in. Excess pore water pressure leads to decrease in the soil shear 
































functions. The development of excess pore water pressures for both unreinforced and reinforced 
pavement sections as measured at subgrade surface are presented in Figure 4-23. 
The start of loading was taken as the zero point for the excess pore water pressure values in 
Figure 4-23. The starting excess pore water pressure, i.e. the excess pore water pressure at the start 
of loading (dictated by the compaction energy and the time between the end of construction and 
the start of the loading), was kept in a small range of 1 ~ 3 kPa in this study as it can strongly 
influence the magnitude of excess pore water pressure during the test (Perkins, 2002). It is 
interesting to note that the excess pore water pressure was initially built up at a relatively fast rate 
until reaching a peak value, after which it remained almost constant. It is also noted that the 
maximum excess pore water pressure generated in reinforced sections (Sections 2, 3, and 5) was 
less than that in unreinforced sections. This is maybe due to the separation function of 
geosynthetics, which helped reduce pore water pressure developed from aggregate penetration into 
subgrade layers (Christopher and Lacina, 2008). Geotextile seems to be more effective than 
geogrid in helping pore water pressure dissipation. This may be due to the higher in-plane 
permeability of geotextile. In general, the excess pore water pressure generated in subgrade was 
found to be directly related to the amount of permanent deformation, such that the larger the 
rutting, the higher the pore water pressure was developed. 
Christopher et al, 2009 found that the pore water pressure measurement directly corresponded 
to the performance of the geosynthetics, with the largest amount of deformation per cycle 
occurring in the test with the highest pore water pressure. Geosynthetics function is to separate the 
base layer and subgrade soil so that it can help to reduce both the stress and excess pore water 
pressure. Berg et al. 2000 mentioned that the reduction in the stress on the top of subgrade can 
influence the development of pore water pressure. Also, Alobaidi and Hoare (1996) mention that 
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using geosynthetics can help to dissipate pore water pressure. Moreover, using higher permeability 
geosynthetics gives better performance. By linking the permanent deformation at the base and 
subgrade, a strong relationship was found between increasing the rate of rutting and on increase in 
excess pore pressure. Moreover, the sections with high rutting were associated with high values 
and trend of excess pore water and high value stress at the top of subgrade. Section 2 had the lowest 
surface permanent deformation when compared with other sections and also had a lower value of 
stress at the top of subgrade and lower value of excess pore water pressure. 
 
Figure 4-23 Development of excess pore pressure in top of Subgrade 
4.3.5 Strain Distribution along the Geosynthetics 
Measuring the strain in geogrid and geotextile under a cyclic loading is important to 
understand the transfer of shear strain from aggregate to geosynthetics. Furthermore, by measuring 








































and mobilization between aggregate particle and geosynthatics surface. Figure 4-25 shows the 
permanent strain distribution with number of cycles. Strain gauges instrumentation and 
measurement can provide an indication for geogrid interlocking and geotextile surface friction. 
The higher value of permanent strain at the geosynthetics means that the geosynthatics layer 
prevent the lateral movement of base layer particles. Also, clearly we can notice that the highest 
measurement of permanent strain was directly under the plate loading and the lower value of 
permanent strain was at about 1.5D (D: loading plate diameter). High Permanent Strain developed 
for geotextile than geogrid. Figures show the accumulation of permanent strain with number of 
cycles, moreover. Figure 4-24 shows that mobilize the geotextile and geogrid increase with 
increase the number of cycles which include more base course densification so shear strain 
generate with increase the number of load cycles and that mean the geosynthetics start mobilizing 
either by surface frictional shear strain for geotextile or interlocking for geogrid.  
As shown in Figure 4-24 there was higher strain in the geogrid placed at the upper one third 
of the base layer at section 2 than in the geogrid placed at the middle of the base layer, indicating 
that this section was more effective. In section 5, the permanent strains at the geotextile were 
slightly more than at the geogrid in section 3, which is definitely because of the fact that the surface 
of geotextile more easily attaches to the strain gauges than the rib of the geogrid. Also, Al-Qadi 
and Bhutta (1999) mentioned that the development of strain in the geotextile was rapid because of 
the geotextile’s nature of high initial deformation under applied loading (cloth-like), causing 
extreme straining on the gauge. The geogrid also developed strain, but much less than the 
geotextile. The geogrid is a stiffer material, and the gauge represents the behavior of medium. This 
type of behavior was observed in the directions parallel and perpendicular to the traffic. (Al-Qadi 
and Bhutta 1999). 
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The variations of strains measured along the centerline of the geosynthetics for different load 
cycles are presented in Figures 4-24. Under cyclic load testing, strain gauges experienced both 
accumulation of residual (plastic) strains and a relatively high dynamic strain level (Chen et al., 
2009), causing them to stop working after about 5,000 loading cycles. Similarly, the strain gages 
used in Perkins’s study (1999) and Chen et al.’s study (2009) survived 7,500 cycles and 1,000 
cycles, respectively. As such, the figures only present the strain distribution up to 5,000 cycles. 
The data demonstrates that appreciable permanent tensile strains were developed in geosynthetics, 
which are believed to help restrain the lateral movement of the base course aggregates, an 
important reinforcing mechanism. The highest tensile strains (around 0.4 – 0.8 %, depending on 
the type and location of geosynthetics reinforcement) were measured directly beneath the center 
of the loading plate, where the maximum lateral movement of the base courses were expected to 
occur, and became almost negligible at a certain distance. This distance is about 1.5 D (D: loading 
plate diameter) from the center of the loading plate for the geosynthetics placed at subgrade/base 
interface and about 1.0 D from the center of the loading plate for the geosynthetics placed at the 
upper one third of the base layer. The maximum measured strains in geosynthetics were well below 
the failure strain for geosynthetics. A similar pattern of strain development was also reported by 





(a) Section 2 (upper one third)                       
 
































































(c) Section 3 (at base-subgrade interface)                
 
(d) Section 5 (at base-subgrade interface) 































































Figure 4-25 Permanent strain in geosynthetics at the center of the loading plate 
4.4 Effect of Pre-rutting on Permanent Deformation 
One of the approaches to improve geosynthetics performance in the flexible pavement is to 
enhance the tensile force for the geosynthetics material to be more applicable to resist the lateral 
movement of aggregate. During pavement construction and after finishing layout, the 
geosynthetics on the surface could be slack or unstretchable due to bad construction. The Pre-
rutting of geosynthetics as a simple means of removing slack and providing a pre-stretching effect. 
Pre-rut executed after placing and compacting the base layer. The rut created in the aggregate layer 
needs to be refilled with same base layer materials and compacted with aggregate to the same 
moisture content and dry density. 
Two sections were constructed to study the effect of pre-rutting for the reinforced and 
unreinforced sections. Therefore, sections 4 and 5 were selected to examine the pre-rutting effect 
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on the two sections. Pre-rutting was performed by applying a 400 and 2800 load cycles for sections 
4 and 5 to the top of the base layer before placing the HMA layer.  
4.4.1 Comparison between Pre-Rut sections for before placing HMA Layer 
Figure 4-26 shows the accumulation of the total permanent deformation along with the 
number of cycles for sections 4 and 5. The total surface permanent deformation was estimated by 
averaging the readings of two LVDTs resting on top of the loading plate. The results show that the 
total surface permanent deformation accumulated with the number of EASLs; sections constructed 
with geotextile experienced less rut depth compared to the unreinforced section. Furthermore, the 
unreinforced section 4 showed higher total permanent deformation than the reinforced sections 
under the same number of cycles. This showed the advantages of including geosynthetics in 
decreasing the rutting in unpaved roads built over soft soil subgrade. The experimental results of 
two sections indicate that pre-rut for base layer with geotextile provides reduction in surface 




Figure 4-26 Effects of pre-rutting for the total rutting after placed HMA layer 
4.4.2 Permanent Deformation in base Layer and Subgrade 
 The potentiometer was placed in the middle of the base layer thickness to measure the 
vertical deformation. It is assumed here that the permanent strain at the mid-height represents the 
average vertical deformation of the whole base layer. The difference of the distance between two 
plates is transformed into the compressive strain that is consequently used to predict the permanent 
deformation of the base layer by multiplying with the overall thickness of the base layer. 
Furthermore, use of the potentiometer measurements for determining the base layer deformation 
is based on the hypothesis that the strain of the base layer is consistently distributed and expressed 
by the mid-height compressive strain. Figure 4-27 shows comparison between the permanent 
deformations at the base layer. The permanent deformation for section 5 was less than section 4 
by 11% at the same number of cycles. Section 5 with pre-rut on the base can reduce the surface 
rutting by 60% at the same number of cycles. Figure 4-28 shows comparison between the 
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permanent deformations at the subgrade layer. The permanent deformation for section 5 less than 
section 4 by 29 % at the same number of cycles. The pre-rutting process for the base layer was 
found to lower rutting in the base and subgrade. Moreover, rutting in the subgrade was found to 
be small compared to the rutting in the base layer. 
 




Figure 4-28 Compare between the effects of pre-rutting for subgrade layer 
4.4.3 Effect of Pre-Rut for Preeminent Deformation after Place HMA Layer 
Figure 4-29 shows that the surface permanent deformation for two pre-rut sections were 
smaller than non-pre-rut sections. The contribution of Pre-rut coming from densification the base 
materials and then reduce the pore volume in the base layer so this process can densify the base 
layer. Moreover the effect of the pre-rut more significant for the section 5 (with geotextile) than 
the control section. The improvement in performance for section 5 pre-rut is higher due to the 
combination of pre-rutting and geotextile layer. Pre-rut of section 5 was slightly effective than the 
section 5 without pre-rut. Moreover, the effect of pre-rut was slightly more effective for section 5 
than section 4 and for the effect of pre-rut also slightly higher in the subgrade than base layer which 
conclude hat for weak subgrade that strong indicate for reduction in rutting when place the 
geotextile at the top of subgrade. Experimental results show that Pre-Rut process can increase the 
pavement performance, however, the results show that the effect of pre-rut don’t provide highly 
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performance when place geotextile. The pre-rutting applied to base materials increase the 
compactivity effect and that leads to provide more dense material.  
 
Figure 4-29 Effects of pre-rutting for subgrade after placed HMA layer 
Figure 4-30 shows the accumulation of the total permanent deformation along with the 
number of cycles for sections 4 and 5. The total permanent deformation for each section presented 
in Figure 5-the total surface permanent deformation was estimated by averaging the readings of 
two LVDTs rest on top of the loading plate. The results show that the total surface permanent 
deformation accumulated with the number of EASLs; sections constructed with geotextile 
experienced less rut depth as compared to the unreinforced section. Furthermore, the unreinforced 
section 4, showed higher total permanent deformation than the reinforced sections under the same 
number of cycles. Moreover, that showing the advantages of include geosynthetics in decreasing 
the rutting in unpaved roads built over soft soil subgrade. The experimental results of two sections 
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indicate that pre-rut for base layer with geotextile provide reduction in surface permeant 
defamation than control section.  
 
Figure 4-30  Effects of pre-rutting for the total rutting after placed HMA layer 
4.5 Cyclic plate testing in the PRF Field site  
4.5.1 Test Results and Analysis 
Figure 4-31 illustrates the development of rut depth (permanent deformation) with number of 
ESALs for the seven pavement test sections. The surface permanent deformation was calculated 
by averaging the readings of two LVDTs resting on top of the loading plate. The results show that 
the surface permanent deformation accumulated with the number of EASLs; sections constructed 
with geosynthetics experienced less rut depth as compared to the control section; and more 
reduction in the pavement surface deformation was observed for the double layer reinforcement 
section (Section 2). Sections 2, 3 and 5 sustained 1,915,482; 1,577,043; and 1,784,762 ESALs at 
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a rut depth of 19.1 mm, which result on traffic benefit ratios (TBR) of 1.56, 1.29, and 1.46, 
respectively as shown in Table 4-2. The performance of section 1 was much lower than Section 4, 
which indicates that the 203 mm thick Mexican limestone is more effective than the 305 mm thick 
nonwoven geotextile-wrapped sand embankment in reducing the pavement rutting. Section 6 
showed the lowest performance among the six test sections mainly due to its much thinner base 
layer (254 mm vs. 457 mm). To study the effect of the reinforcement for section 6, one more 
section unreinforced section (control section) was constructed for cyclic plate load tests in the 
field. However, section 6 pointed the weakest section of the pavement performance among the six 
test sections mainly due to its much thinner base layer (254 mm vs. 457 mm). 
 
Figure 4-31 Development of Surface Permanent Deformation 
4.5.2 Test Results and Analysis 
A total of seven tests were conducted on different pavement sections, as shown in Figure 4-
31. The traffic benefit ratio (TBR) was used to evaluate the benefit of geosynthetic reinforcement. 
TBR is defined as the number of ESALs carried by a reinforced section at a specific rut depth 
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divided by that of an equivalent unreinforced section. The results obtained for the different 
unreinforced and reinforced pavement test sections are summarized in Table 4-2. 












Rut depth = Rut depth = 
(mm) (MPa) (MPa) 12.7 mm 19.05 mm 
      ESALs TBR ESALs TBR 
Section 1 83.82  272.58  150.21   14.98 21,0000 - 49,070      - 
Section 2 81.534 455.93 149.575 15.9338 1,077,865 2.08 1,915,482 1.56 
Section 3 71.628 492.76 181.043 16.9128 723,723 1.4 1,577,043 1.29 
Section 4 76.454 490.22 179.581 17.099 518,653 - 1,225,115 - 
Section 5 82.55 525.526 166.901 16.1682 881,797 1.7 1,784,762 1.46 
Section 6 82.042 266.7 152.864 19.2571 36,919 3.28 121,431 5.59 




 ANALYSIS OF EXPERIMENTAL TEST RESULTS 
5.1 AASHTOWARE pavement ME design software  
In this chapter, two methods were used to analyze the experimental test sections. The first 
method is AASHTO 1993, which uses empirical equations recommended by the American 
Association of State Highway and Transportation Officials (AASHTO) for the design of the 
pavement structure. (AASHTO 1993) was based on the results of the original test roads evaluated 
by AASHTO from 1958 to 1961 in Ottawa, Illinois. Although these empirical methods have been 
used for many years, they have several limitations which restrict their effectiveness as a basis for 
dimensioning. The second method is MEPDG which was developed by a large group of ARA 
engineers. This method was completed in 2003 and made available to the public.  
Mechanistic-empirical pavement design guide (MEPDG) has encountered many significant 
updates since the first release in 2003. The new software version with a new name of 
AASHTOWare Pavement ME Design software started in 2013. By selecting the type of new 
pavement, several choices are available on the menu. For this project, we selected flexible 
pavement. Each section will be discussed in the sections to follow.  Furthermore, for each project 
general information will be entered about design life and the construction starting dates. For 
Performance criteria, many criteria can be select based on the design or agency specifications. The 
limits for rutting, fatigue, thermal cracking must select.  Traffic data is a key factor in the structural 
analysis by MEPDG pavement. Many input data are required in respect of traffic. The design guide 
includes special traffic as a tool to use in the research method by including the tire pressure and 
the number of loading repetition, this approach was used in our study. 
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5.2 Analysis of Full-scale testing in the field (ALF site)   
5.2.1 Pavement Layer Properties 
The characterization of pavement layer that can influence the pavements performance was 
identified. The in-situ properties of the different materials and pavement layers were observed. 
Accordingly, the in-situ condition for the characteristics of base and subgrade were measured 
before the placement of HMA layer with devices such as dynamic cone penetrometer (DCP), and 
ground penetrating radar (GPR). Also, several tests were performed after placed HMA layer such 
as light falling weight deflectometer (LFWD), nuclear density gauge, Geogauge, and Pavement 
Quality Indicator (PQI), and Portable Seismic Pavement Analyzer (PSPA). These were used to 
measure the in-place properties of HMA. At least five measurements were performed for the 
longitudinal direction for each lane. Also, air voids, density, and dynamic modulus of HMA were 
obtained from the core samples taken from each section to determine the thickness, air voids, 
density, and dynamic modulus of HMA. The mean these properties are summarized in Table 5-1 
for all pavement test lanes sections. The corresponding coefficient of variation (CV), which is 








Table 5-1 In-place properties of HMA 
1ELFWD=P (1-)R/c, =the applied stress, R=the loading plate radius of LFWD, c=center 
deflection of the loading plate; 2 Determined from the core samples taken after test; 3 Measured by 
Portable Seismic Pavement Analyzer; 4 Measured by Pavement Quality Indicator; 5 EGG=P(1-


































mm MPa (%) kg/m3 Mpa (%) kg/m3 kg/m3 MPa 
Lane 1 
Mean 82.80 88.88 4.80 2374.00 21890.86 6.40 2199.87 2194.00 264.97 
CV% 11.10 6.10 19.10 1.20 0.14 0.34 0.02 0.01 0.34 
Lane 2 
Mean 82.00 97.12 5.75 2349.00 17947.06 5.77 2223.15 2167.83 315.24 
CV% 2.20 8.21 20.30 1.20 0.12 0.11 0.01 0.01 0.14 
Lane 3 
Mean 79.80 98.84 6.53 2330.00 20291.28 6.03 2207.34 2137.40 282.96 
CV% 12.00 5.10 16.00 1.00 0.20 0.24 0.01 0.00 0.26 
Lane 4 
Mean 78.70 98.03 6.33 2335.00 18109.77 5.06 2236.82 2117.11 325.23 
CV% 6.40 5.00 24.40 1.60 0.17 0.32 0.02 0.02 0.20 
Lane 5 
Mean 83.80 99.80 4.34 2385.00 15220.87 5.65 2216.42 2213.22 355.31 
CV% 3.10 10.20 15.10 0.70 0.06 0.13 0.02 0.01 0.16 
Lane 6 
Mean 85.10 68.38 6.23 2338.00 18119.43 5.90 2214.82 2075.46 385.64 





Table 5-2 In-situ properties of base layer and subgrade 
Test 
Section 
  Base layer Subgrade 
Base layer 
Thickness 
DCPI  Mr DCPI  Mr CBR 
mm mm/blows MPa mm/blows MPa % 
Lane 1 Mean 351.00 12.11 112.00 159.88 17.60 1.00 
CV% 8.50 9.20   22.20     
Lane 2 Mean 452.00 8.89 139.00 147.11 18.60 1.09 
CV% 6.30 10.50   15.80     
Lane 3 Mean 526.00 9.65 131.00 153.49 18.10 1.05 
CV% 10.10 9.90   21.30     
Lane 4 Mean 478.00 9.53 132.00 154.61 18.00 1.04 
CV% 7.90 8.60   16.10     
Lane 5 Mean 546.00 9.02 138.00 137.90 19.50 1.18 
CV% 5.80 8.10   14.90     
Lane 6 Mean 277.00 10.14 127.00 130.34 20.30 1.25 
 
CV% 7.20 12.30   21.70     
 
5.2.2 Evaluation the environmental effect of the pavement performance  
Mechanistic-empirical pavement design guide uses resilient modulus of base course to 
evaluate dynamic response of pavement materials under wheel loading. The environmental effect 
of the pavement test lanes was included in the analysis. The environmental interaction was 
ultimately pointed to an increase in moisture content in the pavement base, ending in a dramatic 
reduction in base course resilient modulus. The TDR measurement proves that the moisture 
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content of the base layer aggregate continued alternating during the application of loading test. To 
recognize the seasonal variation influence, the base layer resilient moduli was estimated using the 
prediction model utilized in AASHTOWare Pavement ME. The variation of moisture content in 
the base layer and temperature at the asphalt layer were included for each loading stage. MEPDG 
used the following model to calculate the resilient modulus by using the degree of saturation. The 
degree of saturation for different moisture content was calculated by using equation 5-1. Then, the 
degree of saturation in equation 5-2 was used to get the resilient modulus at each moisture content 




) = a +
b−a
1+EXP(β+  KS (S−Sopt)
                                                                           (5-1) 
For coarse soil the regression parameters are a=-0.3123, b=0.3, Beta=-0.0401 and Ks=6.8157 
and for fine-grained soil the parameters are a= -0.5934, b=0.4, Beta=-0.3944 and Ks=6. 1324. 
However, the resilient modulus is normalized using the resilient modulus at optimum moisture 
content. The resilient modulus of the base and subgrade layers were calculated from the moisture 




Gs γw  
γdry
−1]
                                                                                                                   (5-2) 
S = degree of saturation (%); 
Gs = specific gravity of soil solids; 
w = gravimetric moisture content (%); 
γw = unit weight of water; 
γdry = dry unit weight of unbound material. 
However, the resilient modulus at optimum moisture content was evaluated by performing the 
resilient modulus test for the base at the laboratory. Moreover, the moisture content was 
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summarized during applying loading so that the effect of moisture content for each cycle stage can 
be considered in the data analysis. Meanover, the moisture content for the base layer is based on 
the Time Domain Reflectometry (TDR) data. 
It should be designated that the mechanistic-empirical Pavement design guide was used to 
analyze the experimental test sections. Applying loading for the test section was performed in 
different periods to capture the environmental effect for all test sections during the loading phase. 
The total number of ESALs encountered by each pavement test section for 19.1 mm is equally 
divided into twelve months to use it as information to input the monthly wheel repetitions. 
Moreover, each month does not represent the actual month; the e.g. the 10th month does not mean 
October. It means the number of months that the pavement test section has been loaded in the 
Pavement ME analysis. So, we can say that the same month in table 5 can designate different time 
intervals for each pavement test section. 
The complete cases of resilient modulus calculation for the six lanes are presented in Table 5-
3. The heavy rainfall occurred in the period between the (6 to 10) months and (10 to 12) months 
for lanes 2 and 3 respectively, and the designed drainage system could not control that amount of 
rain. For this reason, the resilient modulus was calculated by using DCP test. However, the DCPI 
at the bottom one-third of the base material was 65 mm/blow and 68 mm/blow for lane 2 and 3 
respectively. 
Two thermocouples were placed in each pavement lane, at the edge of each lane. The two 
thermocouples were placed at the middle of the asphalt layer (38.1 from the surface). The degree 
of temperature is a crucial factor that directly affects the rutting at the asphalt layer. Temperature 
readings were taken during application of the loading. One of the purposes of using thermocouples 
in the asphalt layer was to predict the pavement temperature distribution during loading stage. The 
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air temperature was back calculated by using the Asphalt Institute (AI) model. However, this 
model correlates the mean temperature at the asphalt layer, Tp to the mean monthly air 
temperature, Ta by the equation 5-3: 






+ 6                                                                                         (5-3) 
Where, 
Tp = Mean pavement temperature at depth Z, oC 
Ta = Mean monthly air temperature, oC 
Z = Depth from surface, mm 
Table 5-3 Base Resilient Modulus (Mr, Mpa) 
 Section 2 Section 3 Section 4 Section 5 
Top Bottom Top Bottom   
1st Month 208.63 208.63 226.27 226.27 232.97 211.26 
2nd Month 118.22 118.22 151.10 151.10 129.83 150.26 
3rd Month 128.07 128.07 111.57 111.57 124.23 150.26 
4th Month 199.47 199.47 94.93 94.93 114.47 151.35 
5th Month 209.20 209.20 96.15 96.15 114.47 150.81 
6th Month 126.47 33.44 95.99 95.99 113.12 155.98 
7th Month 108.87 33.44 98.88 98.88 113.12 151.63 
8th Month 108.41 33.44 101.65 101.65 103.48 152.45 
9th Month 110.25 33.44 103.29 103.29 102.01 134.01 
10th Month 109.33 33.44 95.38 32.35 120.22 119.77 
11th Month 105.73 105.73 95.38 32.35 123.46 129.83 
12th Month 104.86 104.86 95.38 32.35 131.21 123.61 
5.2.3 Effect of Variances in Constructed Layer Thickness and Properties 
The effects of pavement construction variation can directly affect pavement performance. 
Knowing the differences in the properties pavement layers properties and the variations in 
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pavement layer thickness is a primary role of the pavement analysis method. To quantify the 
change presented by the variations in the constructed full-scale test sections, a comparative 
investigation, utilizing AASHOTOWare Pavement ME Design software, was performed to 
evaluate the influence of variation in pavement layer thicknesses and properties, and to study the 
contribution observed from TBR values. The traffic load was applied using a dual tire through a 
special axle configuration available in Pavement-ME software. The load was 40 kN (9,000 lb) 
with a tire pressure of 724 kPa (105 psi). This load value is compatible with that in actual loading 
applied from accelerated loading facility machine. Since each test section was loaded alternately 
and due to a couple of malfunctions of the ALF testing facility machine during the loading and 
testing phases, no test section was continuously loaded. As such, the individual climate file was 
generated for each test section by the authors to simulate the environmental conditions of that test 
section during accelerated load testing. 
The proposed established climate file, which incorporates the variation of air temperature 
during long stage applied a load, was employed to mimic the environmental condition of the full-
scale test in the field. The resilient modulus (Mr) for the base was estimated using the back 
calculated process explained above. However, for subgrade, the resilient modulus was evaluated 
by performing DCP test for the pavement construction after constructing the asphalt layer. 
The number of ESALs required to reach 12.5 mm and 19.1 mm rut depth was estimated for 
each test lane section taking into consideration the measured layer’s thickness and properties 
(Tables 2 and 3) to quantify the effect of construction and seasonal variations on the analysis of 
test results. 
For the reinforced test sections, the comparison was made with respect to its corresponding 
unreinforced condition, i.e. without geosynthetic reinforcement. The results of the analyses are 
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presented in Table 5-4. In the table, the variation factor (VF) was introduced to evaluate the effect 
of differences in constructed layer thickness and properties on the calculated TBR values. The VF 
is defined here as the number of ESALs at a specific rut depth (i.e., 12.7 mm, 19.1 mm) carried 
by the corresponding unreinforced condition of the reinforced test section divided by that of the 
control test section. By dividing the TBR values by the VF factors, the adjusted TBR (TBRadj) 
was obtained for each reinforced test section and are presented in Table 5-4. It should be pointed 
out here that the estimated (TBRadj) values can be affected by the accuracy of dynamic modulus 
test results for HMA, the variation in DCP test profiles for base layer, accuracy in measuring 
thicknesses of HMA and base layer, and reliability of the correlation equations used. 
Table 5-4 Effect of differences in layer properties and thickness 
Test Sections 
Rut depth = 12.5 mm Rut depth = 19.1 mm 
ESA Ls VF TBRadj
# ESALs VF TBRadj
# 
Section 2 349,311 0.88 2.18 720,349 0.77 1.96 
Section 3 308,611 0.78 1.67 922,497 0.99 1.30 
Section 4 396,239 - - 931,146 - - 
Section 5 573,445 1.45 1.55 1,269,623 1.36 1.32 
#TBRadj = TBR/VF 
5.2.4 Geosynthetics as Base Reinforcement 
The inclusion of geosynthetic reinforcement benefits into the Pavement ME Design is to 
modify the base resilient modulus (Mr) to account for the improved stiffness of the base by the 
geosynthetics, i.e. base reinforcement effect of geosynthetics. In this approach, it is assumed that 
the geosynthetic has no stabilization effect on the subgrade layer, i.e. the subgrade resilient 
modulus of reinforced sections is kept the same as the corresponding unreinforced condition. 
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There is a difference between the number of load cycles obtained from the experimental 
program and that estimated from the Pavement ME Design due to the differences in loading 
conditions between the plate loading test and vehicular loading. The number of load cycles used 
in Pavement ME Design is then obtained for reinforced sections by multiplying the number of 
load cycles obtained from the experimental study by the correction factor. The obtained number 
of load cycles was then used to back-calculate the effective base resilient modulus for the 
reinforced sections using the Pavement ME Design software with a failure criterion of a 19.1 mm 
(0.75 in) rut depth. The resilient modulus of the base course layer was increased by 55% and 65% 
for lane 3 and 5 respectively. However, this increase developed from including one layer of 
geosynthetics at the base-subgrade interface and 145 and 120 percent for lane 2 and lane 5 
respectively, by using two layers of geosynthetics. This increase in the base resilient modulus will 
result in prolonging the pavement performance. 
5.3 Analysis of Cyclic Plate testing in the lab  
5.3.1 Test Results and Analysis 
A total of six tests were conducted on different pavement sections, as shown in Figure 3-9. 
The traffic benefit ratio (TBR) was used to evaluate the benefit of geosynthetic reinforcement. 
TBR is defined as the number of ESALs carried by a reinforced section at a specific rut depth 
divided by that of an equivalent unreinforced section. The results obtained for the different 
unreinforced and reinforced pavement test sections are summarized in Table 5-5 




Rut depth = 
12.7 mm 
Rut depth = 
19.1 mm 





Thickness       
(mm) 
ESALs TBR ESALs TBR ESALs TBR 
Section 1 451.8 74.1 147290 - 526704 - 1183043 - 
Section 2 479.6 76.0 3167943 4.73 - - - - 
Section 3 452.1 75.2 822955 1.23 1921712 1.51 3367399 2.19 
Section 4 459.7 73.6
 669960 - 1270908 - 1537749 - 
Section 5 447 74.9 800341 1.19 2073279 1.63 3439960 2.24 
Section 6 256.5 69.9 20822 - 90483 - 240542 - 
5.3.2 Effect of Variances in Constructed Layer Thickness and Properties 
As with any other construction, there are always some variances in the constructed layer 
thicknesses and properties of the test sections in the box. To quantify the uncertainty introduced 
by the differences in the constructed test sections, a relatively simple analysis, using 
AASHOTOWARE Pavement ME Design software, was performed to assess the impact of 
variation in layer properties and thicknesses, and thereby provide insight into the significance of 
the observed TBR values. The traffic load was applied using a single tire through special axle 
configuration available in Pavement-ME software. The load is 40 kN (9,000 lb) with a tire pressure 
of 550 kPa (80 psi), which results in a circular loading area of radius 152 mm (6 in). This load 
magnitude is consistent with the in cyclic plate load tests. The self-defined climate file was used 
to simulate the environmental condition of the laboratory cyclic plate load tests. The resilient 
moduli (Mr) for the base and subgrade layer were evaluated using the California bearing ratio 
CBR-DCPI relationship suggested by Webster et al. (1992) and Mr-CBR relationship suggested 
by Powell et al. (1984) in equation 5-4. 
 
 

















                                   (5-4) 
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The number of ESALs needed to reach 12.5 mm, 19.1 mm, and 25.4 mm rut depth was 
calculated for each test section taking into consideration the measured layer’s thickness and 
properties to quantify the effect of construction variations on the analysis of test results. For the 
reinforced test sections, the comparison was made with respect to its corresponding unreinforced 
condition, i.e. without geosynthetic reinforcement. The results of the analyses are presented in 
Table 5-6. In the table, the variation factor (VF) was introduced to evaluate the effect of differences 
in constructed layer thickness and properties on the calculated TBR values. The VF is defined here 
as the number of ESALs at a specific rut depth (i.e., 12.7 mm, 19.1 mm, and 25.4 mm) carried by 
the corresponding unreinforced condition of the reinforced test section divided by that of the 
unreinforced test section. By dividing the TBR values by the VF factors, the adjusted TBR (TBRadj) 
was obtained for each reinforced test section and are presented in Table 5-6. It should be pointed 
out here that the estimated TBRadj values can be affected by the accuracy of modulus test results 
for HMA, the variation in DCP test profiles for base layer, accuracy in measuring thicknesses of 
HMA and base layer, and reliability of the correlation equations used. 
Table 5-6 Effect of differences in constructed layer properties and thickness 
Test 
Sections 
Rut depth = 12.7 mm Rut depth = 19.1 mm Rut depth = 25.4 mm 
ESALs VF TBRadj
# ESALs VF TBRadj
# ESALs VF TBRadj
# 
Section 2  39480 1.15 4.11 232800 1.12 - 734400 1.09 - 
Section 3  35520 1.03 1.19 211752 1.02 1.48  681600 1.02 2.16 
Section 4  34320 - - 207600 - - 670800 - - 
Section 5  37200  1.08 1.10 222144 1.07 1.52 710400 1.06 2.11 
  #TBRadj = TBR/VF 
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5.3.3 Analysis of Geosynthetics Reinforcement By using MEPDG 
AASHTOWare Pavement ME Design software was used in this study to analyze the pavement 
testing sections constructed for cyclic plate load tests. The traffic load was applied using a single 
tire through special axle configuration available in Pavement ME Design software. The load was 
40 kN (9,000 lbf) with a tire pressure of 550 kPa (80 psi), which results in a circular loading area 
of radius 152 mm (6 in). This load magnitude is consistent with that in cyclic plate load tests. The 
self-defined climate file was used to simulate the environmental condition of laboratory cyclic 
plate load tests. The failure criterion of a 19.1 mm (0.75 in) rut depth was used in this study [The 
failure criterion of 12.7 mm was used (0.5 in) for Section 2 since it never reached 19.1 mm (0.75 
in) rut depth]. The benefits of geosynthetics reinforcement were demonstrated through the input 
parameter of the mechanistic part (i.e., resilient modulus) of the design method. The empirical part 
available in Pavement ME Design was adopted for both the reinforced and unreinforced pavement 
sections without any change (i.e. Pavement ME Design’s nationally calibrated transfer functions 
for the number of load cycles to failure in structural rutting were used). The geosynthetics have 
two primary applications in pavement: base reinforcement and mechanical subgrade stabilization. 
When geosynthetics are placed at the base-subgrade interface, the criterion for which function 
dominates depends on the strength condition of the subgrade layers, which is outside the scope of 
this study. Instead, the benefit for geosynthetics is evaluated in terms of either of these two 
functions alone in this study.  
5.3.3.1 Geosynthetics as Base Reinforcement 
One way to incorporate the geosynthetics reinforcement benefit into the Pavement ME Design 
is to adjust the base resilient modulus (Mr) to account for the improved stiffness of the base by the 
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geosynthetics, i.e. base reinforcement effect of geosynthetics. In this approach, it is assumed that 
geosynthetics has no stabilization effect on the subgrade layer, i.e. the subgrade resilient modulus 
of reinforced sections is kept the same as the corresponding unreinforced condition. 
There is a difference between the number of load cycles obtained from the experimental 
program and that estimated from the Pavement ME Design due to the differences in loading 
conditions between the plate loading test and vehicular loading. As such, a correction factor is 
needed to account for these differences. This factor was obtained based on the unreinforced section 
and determined as 6.1. 
The number of load cycles used in Pavement ME Design is then obtained for reinforced 
sections by multiplying the number of load cycles obtained from the experimental study by the 
correction factor. The obtained number of load cycles was then used to back-calculate the effective 
base resilient modulus for the reinforced sections using the Pavement ME Design software with a 
failure criterion of a 19.1 mm (0.75 in) rut depth [12.7 mm (0.5 in) for Section 2]. The results of 
back calculation are summarized in Table 5-7. For each reinforced section, the base layer’s resilient 
modulus of its corresponding unreinforced section was obtained using the CBR-DCPI relationship 
suggested by Webster et al. (1992) and Mr-CBR relationship suggested by Powell et al. (1984), as 
presented earlier in Equation (2). As can be seen from the table, the resilient modulus of the base 
course layer was increased by 136 % for section 2 with double reinforcement of geosynthetics. 
However, the resilient modulus of the base course layer was increased by 30% for section 3 and5. 
This increase in the base resilient modulus will result in extending the service life of a pavement.  
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   Table 5-7 Effective base resilient modulus 
Test Sections 








Section 2 209 492 136 
Section 3 202 264 30 
Section 5 208 271 30 
1Mr(MPa) = 665.06 (DCPI)
0.7168⁄ ; 2Backcalculated from Pavement ME Design software 
If the service life of the reinforced section is assumed to be the same as that of the 
unreinforced section, then the base layer thickness can be reduced with the increase of base 
resilient modulus. This benefit of geosynthetics reinforcement is usually evaluated in terms of the 
Base Course Reduction (BCR) factor, which is defined as the base thickness of the reinforced 
section divided by the base thickness of the unreinforced section for a given traffic level. As can 
be seen from Table 5-8, the values of BCR range from 0.38 to 0.60 for pavement sections with a 
single layer of geosynthetics placed at the base-subgrade interface. The thickness of base layer can 
be reduced by about one third with the inclusion of one layer of geosynthetics placed at the base-
subgrade interface. Also, the 457 mm (18 inch) thick base layer of unreinforced base layer can be 
reduced to about 173 mm (6 inches) of one-layer geosynthetics reinforced base of same 
performance. For the pavement section with double layer of geosynthetics reinforcement, the value 
of BCR is 0.60 in this study, which means that a 457 mm (18 inches) thick unreinforced base layer 
can be reduced to about 274 mm (10 inches) of a double-layer geosynthetics reinforced base of the 
same performance. However, this reduction value seems to be not realistic in engineering practice 
and should be further investigated. 
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Section 2 454.6 181.9 60 
Section 3 452.1 281.9 38 
Section 5 447.0 271.8 39 
5.3.3.2 Geosynthetics as Subgrade Stabilization 
Another approach to incorporate the benefits of placing geosynthetics at the base-subgrade 
interface within the context of the Pavement ME Design is to adjust the subgrade resilient modulus 
(Mr) to account for the improved resilient modulus of the subgrade layer, i.e. subgrade stabilization 
effect of geosynthetics. In this approach, it is assumed that geosynthetic has no reinforcement 
effect on the base layer, i.e., the base resilient modulus of the reinforced sections is kept the same 
as its corresponding unreinforced conditions. 
 Again, the Pavement ME Design software was used here to back calculate the effective 
subgrade resilient modulus for the reinforced sections. The results of back calculation for Section 
3 and 5 are summarized in Table 5-9.  











Section 3 17.7 33.1 87 
Section 5 17.8 35.5 99 
1Mr(MPa) = 665.06 (DCPI)
0.7168⁄ ; 2Backcalculated from Pavement ME Design software 
As can be seen from Table 5-9, the resilient modulus of subgrade was increased by 87 to 99 
percent, depending on the type of geosynthetics. The effective value of the resilient modulus of 
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the subgrade layer can be almost doubled with the inclusion of a single layer geosynthetic at the 
base-subgrade interface for pavement sections with 457 mm thick base built over weak subgrade 
soils. 
5.3.4 Analysis of Geosynthetics Reinforcement By using (AASHTO 1993) 
The structural number for the whole flexible pavement is equal to summation of SN for each 
layer. In the 1993 AASHTO pavement design guide, the layer coefficient is correlated to the 
resilient modulus (Mr) for each layer by using empirical equations.  
This approach was used to estimate the structural coefficients based on  
977.0log249.02  rMa                                                                                                   (5-5)                                    
Calculation of the (Wt18) for the unreinforced section show that there is a difference between 
the number of cycles for the experiment and the obtained from the total number of 18-kip (80-kN). 
The differences come from the variations of the pavement condition. So the correction factor was 
introduced to convert the reinforced section to this condition based on the comparison between the 
unreinforced section and the (Wt18). The correction factor is equal to the number of load 
repetitions (Wt18) estimated from divided by the actual number of cycles for the experiment tests. 
The (Wt18) is then calculated for other geosynthetic reinforced by multiplying the number of load 
cycles at specific criteria from the data obtained from the tests by the correction factor. The new 
value of a total number of 18-kip (80-kN) Wt18 was then used to obtain the SNr for the sections 
reinforced by the geosynthetics by using the iteration approach. Then, by obtaining the new 
structural numbers for reinforced sections, then from equation (5-5) we can calculate the reinforced 
structure layer coefficient of base layer a2r.Which is used to obtain the structure layer coefficient 
of base layer 
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The structure layer coefficient of section 4 (control section) a2u can be considered as 
unreinforced case for the sections without geosynthetics layer. Table 5-10 shows the increase in 
the structure layer coefficient, which explains the benefit of using geosynthetics over the weak 
subgrade. The previous calculation was included in table and clearly, the benefit of including the 
geosynthetics in pavement was quantified by the structure layer coefficient of base course 
increased of within 53 to 82 %. The increase of the structural coefficient depended on the 
geosynthetics modulus and the location of the geosynthetics in the base layer. However, the 
percentage increase in SN obtained with section 2 with double geogrid reinforcement is larger than 
those obtained with the other sections, which also encourages us to suggest that the section 2 with 
double geogrid reinforcement is more effective in terms of improving the structural number. 
 
Table 5-10 Effective base layer resilient modulus 
Test Sections SNr a2r a2u 
Percentage 
Increase 
Section 2 5.96 0.253 0.139 82 
Section 3 5.05 0.212 0.135 56 
Section 5 5.01 0.202 0.14 53 
5.3.4.1 Base Course Thickness Reduction 
The benefit of using geosynthetics is either to increase the surface life or to reduce the base 
course layer thickness, so the base course reduction (BCR) define as the percentage of saving  the 
unreinforced section. The SN obtained from the unreinforced section used to study the effect of 
the geosynthetics and use the reinforced coefficient in this equation so the value of reduced 
thickness of base layer for reinforced section can then be calculated. The benefit of using 
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geosynthetics then examined in terms of Base Course Reduction (BCR), which is defined as the 
base thickness of the reinforced section divided by the base thickness of the unreinforced section. 
Table 5-11 shows BCR values range from 0.34 to 0.45.  
Table 5-11 Reduction in base layer thickness 




Section 2 3.93 249.84 0.45 
Section 3 3.69 289.96 0.36 
Section 5 3.72 291.96 0.34 
5.3.4.2 Effective Subgrade Resilient Modulus 
The AASHTO 1993  pavement design method used the subgrade modulus (Mr) to calculate 
Wt18, so study the effect of increase the stiffness of the subgrade by placated the geosynthetics at 
the base-subgrade interface. By use that this method is applicable just the sections with the 
geosynthetics at the base-subgrade interface. It is assumed that geosynthetics layer effect of the 
just subgrade layer by change the boundary condition for subgrade, the solver approach was used 
to estimate the resilient modulus for the subgrade with keeping the structural number as 
unreinforced section. The effective subgrade modulus is then estimated from Equation (3) using 
the obtained Wt18 for reinforced sections. As shown in Table 5-12, the subgrade modulus can be 















Section 3 17.69 40.33 127 
Section 5 17.85 40.12 124 
 
5.4 Analysis of Cyclic plate testing in the ALF site (field)  
5.4.1 Analysis of Geosynthetics Reinforcement By use MEPDG 
AASHTOWare Pavement ME Design software was used in this study to analyze the pavement 
testing sections constructed for cyclic plate load tests. The traffic load was applied using a single 
tire through special axle configuration available in Pavement ME Design software. The load is 40 
kN (9,000 lb) with a tire pressure of 550 kPa (80 psi), which results in a circular loading area of 
radius 152 mm (6 in). This load magnitude is consistent with that in cyclic plate load tests. The 
self-defined climate file was used to simulate the environmental condition of laboratory cyclic 
plate load tests. The failure criterion of a 19.1 mm (0.75 in) rut depth was used in this study. The 
benefits of geosynthetics reinforcement were demonstrated through the input parameter of the 
mechanistic part (i.e., resilient modulus) of the design method. The empirical part available in 
Pavement ME Design was adopted for both the reinforced and unreinforced pavement sections 
without any change (i.e. Pavement ME Design’s nationally calibrated transfer functions for the 
number of load cycles to failure in structural rutting were used).  
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5.4.1.1 Geosynthetics as Base Reinforcement 
One way to incorporate the geosynthetic reinforcement benefit into the Pavement ME Design 
is to adjust the base resilient modulus (Mr) to account for the improved stiffness of the base by the 
geosynthetics, i.e. base reinforcement effect of geosynthetics. In this approach, it is assumed that 
geosynthetic has no stabilization effect on the subgrade layer, i.e. the subgrade resilient modulus 
of reinforced sections is kept the same as the corresponding unreinforced condition. 
There is a difference between the number of load cycles obtained from the experimental 
program and that estimated from the Pavement ME Design due to the differences in loading 
conditions between the plate loading test and vehicular loading.  
The number of load cycles used in Pavement ME Design is then obtained for reinforced 
sections by multiplying the number of load cycles obtained from the experimental study by the 
correction factor. The obtained number of load cycles was then used to back-calculate the effective 
base resilient modulus for the reinforced sections using the Pavement ME Design software with a 
failure criterion of a 19.1 mm (0.75 in) rut depth [12.7 mm (0.5 in) for Section 2]. The results of 
back calculation are summarized in Table 5-13. As can be seen from the table, the resilient modulus 
of the base course layer was increased by 25 percent by adding one layer of geosynthetics at the 
base-subgrade interface and 57 percent by using two layers of geosynthetics (Section 2). This 





    Table 5-13 Effective base resilient modulus 
Test Sections 








Section 2 149.57 207.87 57 
Section 3 181.04 225.46 25 
Section 5 166.90 206.22 24 
Section 6 161.89 344.05 113 
     1Mr(MPa) = 665.06 (DCPI)
0.7168⁄ ; 2Backcalculated from Pavement ME Design software 
5.4.1.2 Geosynthetics as Subgrade Stabilization 
Another approach to incorporate the benefits of placing geosynthetics at the base-subgrade 
interface within the context of the Pavement ME Design is to adjust the subgrade resilient modulus 
(Mr) to account for the improved resilient modulus of the subgrade layer, i.e. subgrade stabilization 
effect of geosynthetics. In this approach, it is assumed that geosynthetic has no reinforcement 
effect on the base layer, i.e., the base resilient modulus of the reinforced sections is kept the same 
as its corresponding unreinforced conditions. Again, the Pavement ME Design software was used 
here to back calculate the effective subgrade resilient modulus for the reinforced sections. The 
results of back calculation for Section3 and 5 are summarized in Table 5-14 











Section 3 16.91 30.55 77 
Section 5 16.17 29.54 79 
Section 6 19.25 27.10 40 
1Mr(MPa) = 665.06 (DCPI)
0.7168⁄ ; 2Backcalculated from Pavement ME Design software 
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As can be seen from Table 5-14, the resilient modulus of subgrade was increased by 40 to 79 
percent, depending on the type of geosynthetics. This means that the effective value of resilient 
modulus of the subgrade layer can be almost doubled with the inclusion of a single layer 
geosynthetics at the base-subgrade interface for pavement sections with 457 mm thick base built 
over weak subgrade soils. 
5.4.2 Analysis of Geosynthetics Reinforcement By use (AASHTO 1993) 
The structure layer coefficient of section 4 (control section) a2u can be considered as 
unreinforced case for the sections without geosynthetics layer. So, the increase in the structural 
number of the pavement layers. Table 5-15 shows the increase in the structure layer coefficient, 
which explains the benefit of using geosynthetics over the weak subgrade. The previous 
calculation was included in table and clearly, the benefit of including the geosynthetics in 
pavement was quantified by the structure layer coefficient of base course by increased within (53-
112) %,  the increase of structural coefficient depend on the geosynthetics modulus and the location 
of the geosynthetics in the base layer. However, the percentage increase in SN obtained with 
section 2 with double geogrid reinforcement is larger than those obtained with the other sections, 
also, that encourage to suggest the section 2 with double geogrid reinforcement higher effective in 






Table 5-15 Effective base resilient modulus 
Test Sections SNr a2r a2u 
Percentage 
Increase 
Section 2 5.34 0.22 0.10 112 
Section 3 4.99 0.19 0.12 56 
Section 5 5.16 0.18 0.11 57 
Section 6 3.11 0.16 0.11 53 
5.4.2.1 Base Course Thickness Reduction 
The benefit of using geosynthetics either by increase the surface life or by saving the base 
course layer thickness , so the base course reduction BCR define as the percentage of  saving  the 
unreinforced section. Then to examine the benefit of include geosynthetics in flexible pavement 
in terms of BCR and how much the effect the quantity of reduction in the base course layer. The 
SN obtained from the unreinforced section used to study the effect of the geosynthetics by use 
equation 1 and use the reinforced coefficient in this equation so the value of    reduced thickness 
of base layer for reinforced section can then be calculated. The benefit of using geosynthetics then 
examined in terms of Base Course Reduction (BCR), which is defined as the base thickness of the 
reinforced section divided by the base thickness of the unreinforced section. Table 5-16shows BCR 
values range from 0.34 to 0.53.  
Table 5-16 Reduction in base layer thickness 




Section 2 3.26 214.08 0.53 
Section 3 3.63 314.33 0.36 
Section 5 3.80 334.25 0.36 
Section 6 2.52 169.12 0.34 
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5.4.2.2 Effective Subgrade Resilient Modulus 
The AASHTO 1993  pavement design method used the subgrade modulus (Mr) to calculate 
Wt18, so study the effect of increase the stiffness of the subgrade by placated the geosynthetics at 
the base-subgrade interface. By use that this method is applicable just the sections with the 
geosynthetics at the base-subgrade interface. It is assumed that geosynthetics layer effect of the 
just subgrade layer by change the boundary condition for subgrade, by use equation 3 the solver 
approach was used to estimate the resilient modulus for the subgrade with keeping the structural 
number as unreinforced section.. As shown in Table 5-17, the subgrade modulus can be increased 
from 71 to 144 percent. 











Section 3 16.91 41.36 144 
Section 5 16.17 38.70 139 
Section 6 19.26 33.00 71 
 
5.5 Analysis of Cyclic testing at ALF site based on AASHTO 1993 
The Wt18 for reinforced sections was calculated by multiply the Wt18 for the unreinforced 
section by the TBR. Traffic benefit ratio were obtained from field cyclic plate loading experiment 
test. The reinforced Wt18 was then used to back-calculate the SNr for the reinforced section. The 
enhanced structure base layer coefficient a2r can be calculated. The reduction of base course layer 
is crucial in the design process. The reinforced structural number SNr of the reinforced base layer 
and by using the following equation the BCR can be determined. The benefit of geogrid 
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reinforcement is then evaluated in terms of Base Course Reduction (BCR) factor, which is defined 
as the base thickness of the reinforced section divided by the base thickness of the unreinforced 
section for a given traffic level.   
The performance of the experimental test sections is based upon the capability of the 
geosynthetics layers to help sustain a higher number of wheel loading for the flexible pavement 
built over weak subgrade.  The pavement performance was estimated based on the two concepts 
traffic benefit ratio (TBR) and base course reduction (BCR). Employing the experimental tests 
with available design method can help to study how much the benefit of using geosynthetics with 
compare with available design method. All of the pavement evaluation was performed base on the 
ruuting criteria because all of the reinforced pavement section was analyzed based on control 
section (unreinforced section). BCR Defined as the difference of base layer thickness for the 
reinforced and unreinforced pavement base layer section to thickness of unreinforced base layer 
thickness. The analysis based on AAHTOO 1993 for cyclic plate loading testing in the ALF site 
are summarized in Table 5-18, and show that the largest base course reduction is about 64.04 %   
(Section 6), 43.56 % (section 2), 37.11% (section 5) and 34.79 for section 5. Based on using 
ASHTO 1993, the analysis shows that the BCR for section 5 is 37%. However, the results of full-
scale testing for section 6 showed less benefit when compared with section 4 (control section). 
Furthermore, including a layer of high strength geotextile can't be equivalent to an 8-inch base 
layer thickness. These results raise a question of the actual performance of geosynthetics under 
real environmental conditions. The other important point to mention is about the benefits of using 
geosynthetics for stabilizing the subgrade and reinforcing the base layer and that more study is 
needed by studying the mechanism of using geosynthetics in the flexible pavement.  
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Table 5-18  Reduction in base layer thickness for cyclic plate testing in the ALF 
Test Sections Reduced Thickness BCR LCR 
Lane 2 257.31 43.56 1.77 
Lane 3 321.32 34.79 1.53 
Lane5 330.49 37.11 1.59 
Lane6 95.90 64.04 2.78 
 
Table 5-19 shows the results of the cyclic plate testing in the lab varied between 0.33 to 0.48, 
depending on the types and location of geosynthetics. Many designers prefer to use LCR to 
quantify the benefits of incorporating the geosystems at the base layer. This procedure is practical 
add provides as LCR greater than 1. 
Table 5-19 Reduction in base layer thickness for cyclic plate testing in the lab 
            
 
 
5.6 Analysis of Cyclic Testing Based On Perkins and Edens Model 
Perkins and Edens used (MEPDG) and proposed a new design to incorporate the 
geosynthetics in the base course layer reinforcement. The Perkins and Edens (2003) model needs 
the following properties and parameters input: asphalt concrete thickness, asphalt concrete layer 
coefficient, base thickness, Base layer coefficient, Base layer drainage coefficient, Subgrade 
CBR Variable, geosynthetics modulus, GSM-2%, geosynthetics modulus ratio, reduction factor 
for interface shear and reduction of Poisson’s ratio, reduction in shear modulus. Table 5-20shows 
Test Sections Reduced Thickness BCR LCR 
Lane 2 234.15 48.49 1.94 
Lane 3 297.26 34.25 1.52 
Lane 5 296.69 33.63 1.50 
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that   BCR for Reinforcement with geosynthetics increased by 9.7%, 30% and 41.7% for section 
3, 5 and 6 respectively for CBR for cyclic plate testing in the ALF. Also, Table 5-21 shows that   
BCR for Reinforcement with geosynthetics increased by 11.8%, 27.4% and 40% for section 3, 5 
and 6 respectively. 
Table 5-20 TBR and CBR for cyclic plate testing in the ALF 
Test Sections TBR BCR 
Section 3 1.59 9.7 
Section 5 5.9 30 
Sectionn6 7.78 41.7 
 
Table 5-21  TBR and CBR for cyclic plate testing in the lab 
Test Sections  TBR BCR 
Section 3 1.8 11.8 
Section 5 5.3 27.4 
Sectionn6 8.18 40 
 
5.7 Cyclical and Rolling Wheel Nature of the Loads Acting on Pavement. 
The design, analysis, and evaluation of structural conditions pavements are based on 
multilayer elastic theory; this approach offers the possibility of a rational solution to the problem, 
the success of this approach depends on precision and how the properties of the materials used. 
Recently, empirical AASHTO 1993 have changed the design of pavements from empirical 
methods to mechanistic methods, based on the most rational approach to design. The main reasons 
for this change are changing conditions in the structure pavement by including two types of stress: 
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static and dynamic overload caused by vehicular movement. Other important considerations are 
the development of new materials used in construction, new configurations of pavements and the 
availability of programs computer. Within the rational methods are procedures mechanistic design; 
and its operation is estimated based on the fundamental properties mechanical approach. The 
mechanistic approach to the design involves the theoretical analysis and calculation stress and 
strain at critical places, as a result of applications load caused by the loaded wheel. The materials 
constituting the various layers, are subjected to dynamic loads of various magnitudes of traffic. 
The pattern of stresses induced pavement structure because of traffic load is very complex. A 
paving element is subject to load pulses involve components of normal and shear stresses; stresses 
are transient and change over time as the load progresses. The shear changes direction as the load 
passes, causing a rotation of the shafts major stresses. Status experienced at point P stress due to a 
load at point A is, acting as both normal shear stresses because only stress occurs. Finally, the 
shear forces originating at point C, is contrary to the direction of the efforts arising from point A. 
It shown that as the vehicle is approaching the point P, the shear stress increases to reach a 
maximum then decreases to a value of zero, then the vertical stress is maximum; then increases 
again, but now with the opposite sign until a maximum negative, then decrease and reach zero; 
describing this conduct a complete sinewave. It can be seen the development of vertical, horizontal 
and shear caused by traffic loads. The proper functioning of the pavement depends largely on the 





(a) Rolling wheel load    (b) Cyclic plate load 
Figure 5-1 Pavement stresses for two different loading (Chen and Abu-Farsakh,2010) 
The vehicle tires rest on the pavement producing a footprint differently for each type of tire 
inflation pressure, wheel load, speed and surface condition. When in motion, besides varying the 
footprint shape, they appear different to vertical stresses, which do exist when the vehicle is 
stationary or in uniform motion: horizontal forces appear due to friction and trajectory changes in 
suction water of contained in the structural section and vertical forces due to impact effects vehicle 
movement and road irregularities. The horizontal forces of acceleration, which may occur in 
localized areas, also influence the stress state and permanent deformations. Figure 5-1 shows that 
























wheel loading produces further rutting that is growing when shear stress reversals caused by 
oscillating wheel loads are considered. The permanent deformation in the three tests results under 
rolling wheel at ALF was about the ratio of 4 for section 2 at 0.5-inch rutting. However, for the 
other sections (3,4 and 5), the ratio is between (1-1.6). For the other sections, the comparison 
between the rolling and cyclic is very complicated indicates that other factors can affect the 
performance of permanent deformation. 
The responses of pavement section under the rolling wheel and cyclic plate load are presented in 
figures.  These arrangements are to explain that the effect of loading and traffic loading are very 
complicated. According to the experimental test results for the ALF test sections, 2,3,4 confirmed 
that the rut depths for the rolling wheel load were slightly higher than those for the cyclic plate 
load tests. However, for sections 1 and 5, the results are different as shown in Figure and Figure, 
and these results confirmed that many other factors can influence the permanent deformation 
results other than the loading types which can mention as the environmental effect of the pavement 
sections and pavement construction types. The results of experimental testing program showed 
that the effect of moisture content, variation of environmental effect, stress conditions, aging 
effect, and lateral wander and pavement construction procedure can also contribute to the variation 
in rutting performance between the cyclic plate load test and rolling wheel load test. It is too 
complicated to determine a correlation factor between the cyclic loading to rolling load test results 
since the performance of all test sections are not consistent. it becomes totally complex to 
determine actual factors for compare between three experimental tests. The moisture content of 
base layer aggregate and condition of soil subgrade are often associated with the fine particles of 
the material. The combination of water content and the number of passes lied to high pore pressure. 
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The effective stress is decreased by that pore pressure and higher permanent deformation in both 
base and subgrade occurs. 
 


































Cyclic Loading at ALF





Figure 5-3 Total of rut depth for cyclic plate load and rolling wheel load for Lane 2 
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Cyclic Loading at ALF





Figure 5-5 Total of rut depth for cyclic plate load and rolling wheel load for Lane 4 
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 PREDICTION MODEL OF USING GEOSYNTHTICS IN PAVEMENT  
6.1.1 Introduction 
Pavement Design can be affected by many factors such as structural load, pavement material 
properties, and the environment affect. However, pavement design models can describe the 
properties, thickness, and stiffness, the environmental impact for the pavement and geotechnical 
engineering. Pavement performance models classify into mechanistic and empirical models. For 
empirical models, the dependent variable can be considered as the pavement criteria such as rutting 
and fatigue. However, the dependent variables can correlate with other variables such as HMA 
thickness, base layer thickness, subgrade strength and resilient models for all the pavement layers 
can consider as independent variables. The independent variables are employed and reject 
individually based on many statistics tests. Usually, related variables are rejected due to the t-test 
is not significant. In this study, the statistical analysis was performed by using the Statistical 
Analysis Software (SAS). 
6.1.2 Non-Linear Regression Model 
Assess the possible relationship between a variable with one or more dependent variables is 
one of the most common tasks statistical analysis. One can achieve this using well-known 
regression models, which fall into two distinct classes: linear and non-linear regression. Among 
the many differences between these two classes of models, the main relates their formulations. In 
the linear case, from a set of observations, search the model that better explain the relationship 
between variables inherent in each phenomenon. For example, if the answer of interest, usually 
represented by, depend on a single variable Independent, x, from the graphical representation x 
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versus y, can suggest possible models. At presence of several independent variables, alternatively 
for adjusting a possible model is initially a complete model and evaluate the quality of fit by 
regression diagnostics. The class of linear models is quite flexible since many models may be 
formulated. In the nonlinear case, most of the times, the formulations are possible models based 
on theoretical considerations inherent phenomenon that have an interesting model. In models of 
linear regression, the dependent variable is expressed as a linear function of the regression 
coefficients. It is irrelevant in this classification, that the functional form of the relationship 
between the dependent and independent variables is not linear in these, although often the linear 
models (as the coefficients regression) are also linear for the variables independent. 
There is a second class of models that can be written by a suitable transformation of variables, 
such as the linear function coefficients. It is said, of these models, which are linearized. It is   
  
Polynomial with a single X:





Multiple linear regression (hyperplane):
Y  0  1X1  2X2  3X3  
Linear function of a known function of X:




Y  0  1X1  11X1
2  2X2  22X2
2  12X1X2 
 
REGRESSION MODEL 
    Applying matrix notation, multiple regression models can be presented in a compact form:  






































































































ε              (6-2) 
FITTING THE MODEL 
    Least squares method can be used to fit the model. The lease squares estimate of β can be 
obtained by minimizing: 








ikkiii xxxyS     (6-3) 
Minimizing S by setting the derivative of it with respect to β to zero: 







where ˆ  is the least squares estimate of β. 
Now, ˆ  can be obtained: 
yXXXβ ')'(ˆ 1   (6-5) 
6.2 Significance test for the overall model  
Significance test for the overall model is a test to determine the effectiveness of the entire 
model, i.e. whether the nonlinear relationship exists between the dependent variable and 
independent variables. This is generally done by testing the null hypothesis: H0: 
021  k   against the alternative hypothesis H1: at least one of the j  is non-zero.  
The null hypothesis implies that none of the independent variables are linearly related to the 
dependent variable in the assumed multiple regression equations. The alternative hypothesis 
216 
 
suggests at least one of the independent variables is linearly related to the dependent variable. This 
hypothesis can be tested by a comparison of MSR and MSE. This test is an F statistic. The best 
way for this test is to use Analysis of Variance (ANOVA). ANOVA table is generally used for the 
ANOVA calculations, and it has the following general form as shown in table 6-1. 
Table 6-1 ANOVA table for Multiple Nonlinear Regression 
 Degrees of freedom Sum of Squares Mean Square F 
Regression k SSR MSR MSR/MSE 
Error n-k-1 SSE MSE  
Total n-1 SST   
 




























MSE  mean square due to error 
k
SSR
MSR   mean square due to regression 
Where iyˆ  are the predicted values, y  is the mean of dependent variables? 
The three sums of squares are related by the formula: 
SSESSRSST   (6-6) 
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Rejecting null hypothesis (H0) if 1,,  knkFF  ; failing to reject null hypothesis (H0), if
1,,  knkFF  . α is the significance level. 
6.3 Goodness of fit of the model 
    The quality of the fit can be measured by the sum of the squares of the residuals, which is 
defined as: 
iii yye ˆ            (6-7) 
A good fit should have small residuals. However, this quantity is dependent on the units of yi. 



























11  (6-8) 
    R2 ranges from 0 to 1. The closer it is to 1, the better the fit. R2 equal to 1 means perfect 
linear relationship exists between the dependent variable and independent variables, while R2 equal 
to 0 indicates independent variables have no impact on the dependent variable. R2 can only increase 
by adding more independent variables to a model. This is because SST is always the same for a 
given set of observations and SSE never increases with the inclusion of an additional independent 
variable. Since a large value of R2 made by adding more dependent variables means nothing, it is 
often advisable to use the adjusted coefficient of multiple determination (Ra
2) as an alternative 














  (6-9) 
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MSE is the estimate of standard error (σ2), i.e. MSEs 2 . It is easy to show when the number 
of observations n is large, the approximate width of 95% confidence interval for a future 
observation is 4s. Therefore, the quality of the fit can also be assessed by s2. The smaller the values 
of s2 are the better the fit. This measurement provides an excellent indication of the quality of the 
fit when the prediction is a very important function for the model. In most cases, both R2 (and Ra
2) 
and s2 needs to be considered to assess the goodness of fit. 
6.4  Significance tests for individual regression coefficients 
If null hypothesis (H0) in significance test for the entire model is rejected, it only indicates at 
least one of the j  is non-zero. The additional tests are needed to determine which these j  are. 
Significance tests for individual regression coefficients would be useful for this determination. 
This is generally done by testing the null hypothesis: H0: 0j  against the alternative hypothesis 
H1: 0j . If null hypothesis (H0) is not rejected, it indicates the independent variable xj can be 















 is the standard error of the regression coefficient jˆ , cjj is diagonal element of 
(X’X)-1 corresponding to jˆ . Rejecting null hypothesis (H0), if 1,2/  kntt  ; failing to reject null 
hypothesis (H0), if 1,2/  kntt  . (1-α) % Confidence Interval (CI) for  j  can be constructed as 
following:    
MSEcTCI jjknjj 1,2/
ˆ)()%1(    
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6.5 Nonlinear models 
Regression analysis is a statistical methodology to discover the relationship between a 
dependent variable and a set of independent variables. In multiple nonlinear regression analysis, it 
is hypothesized that this relationship is nonlinear the Figure 6-1shows different types of the 
equations which used in the Statistics 10 software. 
 
Figure 6-1 The available predefined models Statistix 10 User’s Manual 
220 
 
6.6 Procedure of Performing the Analyses 
6.6.1   Method of Implementing Nonlinear Regression Analyses 
The linear and nonlinear regression method is accomplished by using the Statistical Analyses 
System software program (SAS). Proc glm, proc reg, proc univariate, proc mix, proc model and 
nlin function are handled in to perform the regression analyses. Following are the steps that are 
developed to conduct the non-linear regression model:   
6.6.2 Recognize the Possible Input Parameters 
To perform the regression modeling, several steps will take in place the first step in regression 
analysis starts with examining correlation between the dependent variables and independent 
variables. Also, the most important step to understanding the behavior and the trend of the 
dependent variables vs. independent variables. Draw the different variables to investigate 
relationship and the trend between each dependent variable vs. independent variables to explore 
the most significant variables. Drawing the data as scatter data can significantly show the trend 
and outlier of the data. It gives the track, power, and shape of the relationship between the 
dependent and independent variables. Observation the outlier is described in statistics as a point 
that is very distant from other observations in a statistical series, which we commonly call the 
"point outside of the curve. Outliers can occur at any distribution and are often indicative of 
distribution with a lot of variation between its components or some measurement error, can be 
identified by the maximum or minimum values - as they are observation outlier - but not always, 




6.3.2 Remove the Outliers 
An outlier is an observation which appears too large or too small in comparison to the other 
values. An outlier may be an observation resulting from incorrect experimental process, 
calculation and/ or sampling or the observed value is due to different mechanism other than that 
guides rest of the data set. Sometimes, even if the observation is correct, but statistically way out 
of the line relative to other values, it is necessary to omit point. 
6.3.3 Choosing Initial Values 
Although the criteria used to detect and remove outliers is based on statistical methods are 
necessary integration between researchers check if it is outlier or is the object of the search. 
Removing the outlier was observed that for different variables were significant by F test. It is 
important to note that these procedures are not observed it runs the risk of no researcher obtain 
significant F statistic results for the effects of treatments and recommend products or wrongly. 
Thus, these results are in from those obtained in the literature. The values of skewness and kurtosis 
coefficients have become very close to zero, the model is additive and the variances of 
homogeneous treatments. The non-linear regression modeling also starts by assume the primary 
regression coefficient. The initial values influence the convergence of the estimated algorithm. 
Better choice of initial values can reduce the number of iterations and no convergence can be 
yielded with the chosen of wrong initial values. The procedure for chosen initial values can be 
founded in Ritz and Streibig (2008), Portner et al. (2010) and SAS manual. 
   The interactive display method of nonlinear regression values I presented some graphics 
procedures to obtain good initial values for adjusting nonlinear regression models. When obtaining 
initial values for the graphical procedure facilitates the estimation method of convergence, and you 
begin to understand / better interpret the model parameters. Outlier data for specific data, clearly, 
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we must distinguish the outliers for collected data. However, outliers are points that deviate 
considerably from the displayed by the different values in the data set. Another way can identify 
this in data tables or on graphs. By visualizing the data, the outlier points are located away from 
most of the point values. 
 In general, the greater the number of parameters to be estimated in a regression model is 
longer it takes for the convergence space of the solution is the high dimension. Moreover, with 
many parameters to be estimated, there may be poor reorganizability of the model. Thus, the good 
initial value of the regression coefficient can help in convergence. A slight sense of each variation 
parameter range of the user needs (lower and upper). You can initially use wide ranges and go 
reducing the interval length as they observe which the closest values of the great are. 
The data used were selected from the previous studies, These data are part of previous 
experimental result for the cyclic loading testing with different configurations such as 
geosynthetics stiffness, HMA thickness, base course thickness and subgrade resilient modulus, A 
total of non-linear regression models described by this study (Table. 1)by use nonlinear regression 
model and   using the method of the ordinary least squares where solutions were obtained through 
the iterative process Gauss-Newton. 
In Tab. 1, the coefficient parameter represents the mature weight or asymptotic weight of the 
variables and other parameter represent the weight for the interaction variables.  
6.3.4 Model Convergence 
To find the estimate of regression parameters for nonlinear regression model needs an iterative 
method. The first trial to find the convergence after selecting the initial of the regression parameter 
values to fit the non-linear model by use proc model Convergence is reached when the difference 
of the measured value and predicted value became insignificant, or the model found the best 
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solution. The bad selection of initial values of regression parameters can result in no convergence. 
Nevertheless, the regression parameters must assess after the convergence is completed to explain 
if the selected values are in reasonable for the specific model. This can be done by estimating the 
standard error. However, in the SAS manual procedure” to use PROC MODEL to achieve 
convergence of parameter estimates, you need to know two things: how to recognize convergence 
failure by interpreting diagnostic output, and how to specify reasonable starting values. The 
MODEL procedure includes alternate iterative techniques and grid search capabilities to aid in 
finding estimates. See the section Troubleshooting Convergence Problems for more details.”  
6.3.5 Model Selection Criteria 
Despite any selected model, the performance of any model can always estimate by evaluating 
the total variance of the dependent variable (total sum of squares, SST), the proportion of variance 
due to the residuals (error sum of squares, SSE), and the proportion of variance due to the 
regression model (regression sum of squares, SSR=SST-SSE). The ratio of the regression sum of 
squares to the total sum of squares (SSR/SST) explains the proportion of variance accounted for 
in the dependent variable (y) by the model; thus, this ratio is equivalent to the R-square (0 ≤ R-
square ≤ 1, the coefficient of determination). Even when the dependent variable is not normally 
distributed across cases, this measure may help evaluate how well the model fits the data. Statistica 
software manual  
To choose the  better model  of non-linear regression models, the following set of quality 
evaluators were used:  F-test, T-test,  percentage of convergence (C%), mean square error (MSE), 
the coefficient of determination (R2), Akaike (AIC), Bayesian information criterion (BIC), mean 
squared prediction error (MEP)  
F=(SSfull-SSreduced/Ffull-dfreduced)/(SSfull/dffull)                                                       (6-10) 
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where, SSfull and SSreduced are the regression model sum of squares for the full and reduced 
models, respectively, and dffull and dfreduced are the degree of freedom for the full and the 
reduced models, respectively. The F-test is normally used when the ordinary least squares method 
is used to fit.   
6.3.6 Significance of the Model 
 The significance of the model is checked by goodness of fit, bias, coefficient of variation 
(COV) and by estimation of sum of square error (SSE). Goodness of fit can be evaluated by quick 
visual and numerical assessment. The numerical statistical indices for goodness of fit test are R2, 
adjusted R2, sum of square due to regression (SSR), total sum of square (SST), mean square error 
(MSE), root mean square error (RMSE) and others (Wallach, 2006). The following numerical 
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Where, n is the number of data points, Yi and Ŷi are the observed and predicted values, SS 
residual and ss total ae the sum of square for the residual, regression model and total, respectively. 
The procedure of these steps is demonstrated in Figure 6.1. 
The aim of this study is to analyze several studies which are collected from literature review 
by using mechanistic-empirical pavement guide (MEPDG). The specific objectives are: to analyze 
the benefit of incorporate the geosynthetics to reinforce the base layer and stabilize the subgrade 
by specifying the benefit of geosynthetics based on TBR, BCR, equivalent resilient modulus for 
the base layer and equivalent resilient modulus for the subgrade. Moreover, applying the statistical 
technique of multiple nonlinear regression and discuss the relationship between the depend 
variables and indent variables. Fuel to literature and documents, descriptive using secondary data 
in multiple regression analysis. The collected data were structured in advanced organizations such 
as hot mix asphalt, base layer thickness, resilient modulus of base layer and resilient modulus of 
subgrade. After organizing the data collected, and selected statistical technique cited above data 
was organized and its processing, called up for (Y) however in this research four models were 
proposed with BCR, TBR, equivalent resilient modulus for the base layer and equivalent resilient 
modulus for the subgrade as dependent variables. 
6.7 Multiple Nonlinear Regression Analysis 
6.7.1 Variable Included in the Analysis and Selection Technique 
Based on the Perkins 2002, the parameters used in the regression analysis are asphalt 
thickness, base course layer thickness, CBR, geosynthetics tensile strength. 
Since each of the dependent variables may be either included or not included in the regression 
analysis, 2k subset regression equations without interaction terms can be formed for a data set with 
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k independent variables. It is so required to determine which regression model is the best. Two 
common variable selection techniques are all possible regressions and stepwise procedure. 
Because all possible regressions technique evaluates all possible subsets of regression models, 
it is generally preferred over stepwise procedure. However, this technique needs a large amount of 
computations. The availability of powerful computer program (e.g. SAS) makes this technique 
feasible up to a certain number of independent variables (10~20) from both economic and technical 
point of views. The model with the largest R2 (Ra
2) and the smallest s is generally considered as 
the best model.  
6.7.2 Quantification the effect of geosynthetics in flexible pavement 
Using Geosynthetics materials to reinforce the base layer in the flexible pavement built over 
weak soil subgrade can improve the pavement performance under the wheel traffic loading. The 
benefit of geosynthetics can improve through, mobilization of tensile stress in the geogrid and 
geotextile under traffic which is lead to reduce the vertical stress at the top of subgrade layer and 
increase the horizontal stress due to improving the geosynthetics properties. And create a confined 
layer at the top of geosynthetics materials. The other factor of using geosynthetics in the pavement 
that membrane effect and that resulting from deformed geosynthetics layer that leads to wider 
extended and a reduction in vertical stress around the geosynthetics layer. Giroud and Noiray 1981; 
Perkins and Ismeiek 1997; Holtz et al 2000,  
Because of the clear impacts of incorporation geosynthetics layer in   flexible pavement 
structure, incorporation geosynthetic (geogrid and geotextile) in the flexible pavement. Absolutely 
enhancement of the pavement structural performance about the reduce the base layer thickness, 
increase the life of the reinforced pavement. The laboratory tests use to demonstrate the benefits 
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of using geosynthetics in pavement, in-service pavement tests and accelerated pavement tests 
(Abu-Farsakh 2011; Al Qadi et al. 2008; Chan et al. 1989; Perkins 1999). For this research, the 
laboratory test was selected due to the reduction of the environmental effect and the same cyclic 
loading for all the selected tests. Based on the available laboratory tests, the in laboratory steel box 
Test facilities has selected to quantify the effect of using geosynthetics in the flexible pavements 
with. 
The important design method to include geosynthetics in pavement-concentrate at reducing 
the base layer thickness and increase the pavement performance life. The flexible pavement 
improvements contributed by using geosynthetics estimated by two concepts the Traffic Benefit 
Ratio (TBR) and the Base Course Reduction (BCR). 
Ryan R. Berg, 2000 defined TBR-Traffic benefits ratio: A ratio of the number of load cycles 
on a reinforced section to reach a defined failure state to the number of load cycles on an 
unreinforced section, with the same geometry and material constituents, to reach the same defined 
failure state. TBR is sometimes termed traffic improvement factor (TIF). And base course 
reduction defined as: The percent reduction in the reinforced base, or subbase, thickness from the 
unreinforced thickness, with the same material constituents, to reach the same defined failure state. 
6.8 Development of the Statistical Model  
6.8.1 Modeling Traffic Benefits Ratio 
6.8.1.1  Regression-Based Traffic Benefit Ratio 
As discussed in the previous studies Perkins 2002, TBR is affected by several factors such as 
base layer thickness, geosynthetics tensile modulus and resilient modulus of the subgrade. 
Nonlinear regression-based models for traffic benefits ratio in flexible pavement relate the 
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pavement structure and properties with the traffic benefits ratio using empirical equations. The 
proposed models include the thickness of asphalt layer, the thickness of a base layer, resilient 
modulus of base layer and resilient modulus of subgrade. 
The processes described by Archontoulis and Fernando E. Miguez , 2015  is utilized to 
implement non-linear regression models. Four various model are proposed and each model 
categorizes.  
For each model is comparable by using the geosynthetics tensile strength, base layer thickness. 
Extensive statistical analyses are performed on the collected data from the previous studies to 
propose a new nonlinear regression model between the Traffic Benefit Ratio (TBR) and the 
thickness of base layer and geosynthetics tensile properties that is decided to include in the 
proposed model. However, these two independent variables were selected because it is more 
significant than other variables. Table and show the t-test and f-test for all the suggested 
parameters. After some preparatory models are decided, more statistical analyses aspects such as 
the significance analysis (F-test) and t-test perform. However, to examine the relationship between 
the dependent variables and independent variables and if the variable is significant to include in 
the model or not. These parameters can influence the model and to examine these effect the t-test 
and f test were proposed.  
The p-value level is the probability of obtaining a test statistic equal to or more extreme 
than that observed in a sample under the null hypothesis. Furthermore, in tests of the hypothesis 
can be rejected at 5% the null hypothesis if the p-value is less than 5%. Thus, another interpretation 
for the p-value is that this is lower significance level that does not reject the null hypothesis. In 
general, a small p-value means the probability of obtaining a test statistic value as the note is very 
unlikely, thus leading to rejection of the null hypothesis. In statistics analysis, they are set two 
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hypotheses, the null (H0) and alternative (HA). In many statistical applications, it is agreed set as 
the alternative hypothesis the hypothesis formulated by the researcher, while the null hypothesis 
is its complement. At first, the null hypothesis is considered true. To confront the null hypothesis 
with the findings of a random sample taken from a population of interest, there is a plausibility in 
probabilistic terms, which leads us to reject H0 or not. If we do not reject H0, we took it as true; 
otherwise, we HA as true. However, because we use this decision making a sample (a portion of 
the population) and not the entire population, we can make two types of errors. We made a Type 
I error when we reject H0 and H0 is true, and we make a type II error when we do not reject H0 and 
H0 is false.  
Also, to nonlinear regression model to be significance and impact of the dependent variable, 
choice and suitability of model are also guided by the practical model factor and ease of getting 
variables. In this study, empirical models are developed using the following parameters such as 
geosynthetics tensile strength, base layer thickness.  
The results of the statistics test are shown in Table 6-2. The null hypothesis is rejected since 
α is less than for 0.05 for Pr>ǀtǀ which means that all independent variables are adequately related 
to the dependent variable. The statistics tests are shown in the table clarify that the smaller of sum 
square error (SSE), the better for model prediction. However, the higher the value of R2 and For 
































      
   Furthermore, to find the efficiency of the whole model, F-test for each model is computed. 
Table 6-3 and 6-4 show the results of ANOVA test prediction for the selected model. As we 
mentioned above the null hypothesis is rejected because α value is less than 0.0001 for Pr>F. Also, 
















Regression 5 34.4719 6.8944 107.89 <.0001 
Error 9 0.5751 0.0639   
Total 14 35.0470    
 









β1 0.17 4.3895 -1.34 4.0973 13.839 0.01902 
β2 0.035 2.14 41.55 6.6502 6.1172 <0.0001 
β3 0.207 3.1130 -1.09 0.3453 0.3808 0.03326 
 
Figure 6-2 presents the comparison between the measured of TBR with predicted TBR, which 
is used to propose the proposed model. The mean of the ratio of TBRm/TBRp, the standard 




Figure 6-2 The proposed TBR model predicted versus measured  
 However, Figure 6-3 presents the comparison between the measured of TBR with 
predicted TBR for verified model, which is used to propose the proposed model. The mean of the 
ratio of TBRm/TBRp, the standard deviation (σ) and coefficient of variation of the model 1.05, 0.14 






Figure 6-3 The proposed TBR model predicted versus measured 
6.9 Modeling Base Course Ratio 
6.9.1  Regression-Based Base Course Ratio 
The nonlinear regression model to be significance and impact of the dependent variable, 
choice and suitability of model is also guided by the practical model factor and ease of getting 
variables. In this study, nonlinear regression model was proposed. For BCR proposed model, 
empirical models are developed using the following parameters such as geosynthetics tensile 
strength, base layer thickness.  
The statistics tests are shown in the table clarify that the smaller of sum square error (SSE), 
the better for model prediction. Moreover, the higher the value of R2 and For Adj R2 the better 
prediction of the proposed model presented in table 6-5. 
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Furthermore, to find the efficiency of the whole model, F-test for each model is computed. 
Table 6.6 shows the results of ANOVA test prediction for the selected model of Level-1. As we 
mentioned above the null hypothesis is rejected because α value is less than 0.0001 for Pr>F. Also, 
T-test is conducted to estimate the accuracy of the selected variables. The results of the statistics 
test are shown in Table 6-7. The null hypothesis is rejected since α is less than for 0.05 for Pr>ǀtǀ 




























































Regression 4 573.3 143.3 859.66 <.0001 
Error 21 3.50 0.166   
Total 25 576.8    
 



























β4 0.2315 0.087 2.58 0.044 0.418 0.017 
 
Figure 6-4  presents the comparison between the measured of BCR with predicted BCR, which 
is used to propose the level-1 model. The mean of the ratio of BCRm/ BCRp, the standard deviation 




Figure 6-4  The proposed BCR model predicted versus measured 
However, Figure 6-5 presents the comparison between the measured of BCR with predicted 
BCR for verified model, which is used to propose the proposed model. The mean of the ratio of 





Figure 6-5 The proposed BCR model predicted versus measured 
6.10 Modeling Equivalent Resilient Modulus 
6.10.1  Regression Model for Base Course Equivalent Resilient Modulus 
In order to include the geosynthetics material in pavement design, the traditional term resilient 
modulus of course layer and soil subgrade is replaced with an equivalent resilient modulus for the 
base and subgrade layers. The term equivalent resilient modulus used in this study applies to the 
resilient modulus predicted after including the geosynthetics layer either to reinforce the base layer 
or to stabilize the soil subgrade. In this research AASHTOWare, Pavement ME Design software 
was used to perform the analysis of the pavement layer with geosynthetics and without 
geosynthetics. The equivalent resilient modulus back-calculation was performed at failure criterion 
of a 25.4 mm (1 in) rut depth. As mentioned above the analysis of pavement layers by use 
AASHTOWare software is performed with geosynthetics and without geosynthetics layer. 
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Perform nonlinear regression analyses technique of a collection data obtained from the 
previous studies with different configuration of HMA thickness, base layer thickness, resilient 
modulus for base course and subgrade layers the geosynthetics tensile stiffness at @2%.The 
proposed model divided into two levels, the first level models have been determined with including 
the base layer thickness and the geosynthetics tensile stiffness at @2%, and the table below shows 
the proposed equation and the coefficient of determination for each model. Furthermore, the 
second level models have been determined with including the HMA thickness, base layer 
thickness, resilient modulus for base course and subgrade layers the geosynthetics tensile stiffness 
at @ 2%. The proposed equations can easily determine the benefit of using geosynthetics to 
reinforce the base layer and stabilize subgrade by just get the properties, structural design of the 
required pavement structure. 
The developed equivalent resilient modulus for soil subgrade is like the earlier work of 
equivalent resilient modulus for base layer course. However, for this approach, it is assumed that 
geosynthetics has no reinforcement effect on the base layer, i.e., the base resilient modulus of the 
reinforced sections is kept the same as its corresponding unreinforced conditions. 
 The estimation of the equivalent resilient modulus for subgrade determined for pavement 
constructed over weak subgrade, so the most important assumption for the proposed resilient 
modulus base and subgrade that these models applicable for weak subgrade. 
The new terminology Equivalent resilient modulus is presented to consider the improved 
resilient modulus of the base and subgrade layer determined by the reanalyzed the collected data 
from previous studies. As it is described, earlier this term is used to incorporate the geosynthetics 
reinforcement benefit into the Pavement ME Design is to adjust the base resilient modulus (Mr) to 
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account for the improved stiffness of the base by the geosynthetics, i.e. base reinforcement effect 
of geosynthetics. In this approach, it is assumed that geosynthetics has no stabilization effect on 
the subgrade layer, i.e. the subgrade resilient modulus of reinforced sections is kept the same as 
the corresponding unreinforced condition. The equivalent resilient modulus is evaluated based on 
the indoor test box for cyclic load testing facility. The importance of base layer such as 
fundamental layers of road pavements flexible has shown the greatest interest in addressing. 
The term resilience means energy stored in a base layer stay in the elasticity region. 
Furthermore, the portion of the resilient deformability of pavement layers and subgrade that affects 
the service life of the surface layers stiffer as include the geosynthetics   The equivalent resilient 
modulus, influenced by many factors such as the base layer thickness, geosynthetics stiffness 
strength, and the subgrade strength. 
6.10.2 Regression Model for Mr Base 
The results of statistics tests shown in the table 6-6 clarify that the smaller of sum square error 
(SSE) the better for model prediction. Morover, the higher the value of R2 and For Adj R2 the better 











Table 6-8 Summary of the selected model 
Selected Model 

































Furthermore, to find the efficiency of the whole model, F-test for each model is computed. 
Table 6-9 and 6-10 show the results of ANOVA test prediction for the selected model of Level-1. 
As we mentioned above the null hypothesis is rejected because α value is less than 0.0001 for 
Pr>F. Also, T-test is conducted to estimate the accuracy of the selected variables. The results of the 
statistics test are shown in Table 6.6. The null hypothesis is rejected since α is less than for 0.05 
















Regression 4 25.27 6.31 399.77 <.0001 
Error 11 0.17 0.01   
Total 15 25.44    
 
Table 6-10 ANOVA table for non-linear model of parameter 
 
                         Figure 6-6  presents the comparison between the measured of Mreq with predicted 
Mreq, which is used to propose the Mreq model. The mean of the ratio of Mreq m/ Mreq p, the 






















β3 0.261 0.088 2.96 0.5879 0.9875 0.0129 




                         Figure 6-6 predicted versus measured Mreq 
6.10.3 Regression Model for Subgrade Equivalent Resilient Modulus 
In the last ten years, the use of mechanistic-empirical pavement design guide in flexible 
pavement design has significantly increased. The utility of the M-E design requires the elasticity 
theory required a thickness of HMA layer, the thickness of base layer thickness, resilient modulus 
for all the pavement structure starting from HMA layer, base layer, and subgrade, and Poisson 
ratio to calculate the stress, strain at the critical locations. However, the resilient modulus for the 
all three different layers can be obtain from the laboratory tests. The value of the stress and strain 
can use to predict the damage or predicted the failure for the pavement after constructing the 
pavement by using empirical equation. 
The evaluation of equivalent resilient modulus can use to quantify the effect of geosynthetics 
designing of flexible pavement. The necessary of incorporating or quantifing the effects of using 
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geosynthetics in the flexible pavement have been widespread and growing in pavement 
construction. Therefore, the objective of this section is to propose a new empirical equation for 
evaluating the equivalent resilient modulus for subgrade. 
The proposed model of this study utilized the mechanistic-empirical pavement design 
AASHTOWare. The AASHTOWare software analysis was first performed to determine the 
equivalent resilient modulus for the base layer and subgrade for a inclusion of geosynthetics in 
pavement structure in order to quantity the equivalent resilient modulus. The AASHTOWare for 
all pavement configuration were analyzed to quantify the effect of include of geosynthetics in the 
pavement. All of the pavement structure and materials properties were included in the design 
process. By using nonlinear regression process, several different types of equations were 
developed for a function of HMA thickness, base layer thickness, base layer resilient modulus and 
subgrade resilient modulus. For all data selected in this study, the load was kept constant of 40-kN 
and the environmental effect was selected to be the room temperature since all collected tests were 
performed inside the laboratory. In order to include the geosynthetics material in pavement design, 
the traditional term resilient modulus of subgrade is replaced by an equivalent resilient modulus 
for subgrade layer. The term equivalent resilient modulus used in this study applies to the resilient 
modulus predicted after including the geosynthetics layer to stabilize the subgrade soil.  
The process of the multiple nonlinear regression analysis procedures consists of the following 
steps: determination of the possible independent variables to be regressed against dependent 
variables. Use the analysis of variance (ANOVA) technique that can help in selecting variables 
that significantly affect the response variables. After recognizing the independent variables, a 
graphic chart was drawn for each independent variable with the dependent variable, in order to 
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check the relationship trend of the graph and to check outliers points. Furthermore, the outlier 
points that could influence the suitability of the proposed regression equation were removed. After 
determining the forms of the proposed equations, the interactions between the dependent variables 
that should be involved in the regression model were evaluated. The scatter plots and the 
coefficients of determination are significant tools to examine if the nonlinear relationships exist 
between the dependent variables and independent variables. Furthermore, if there is strong linear 
or nonlinear relationships between any two variables, we reduce the number independent variables 
to obtain a useful regression model. The results of statistics tests shown in the table 6-9 clarify that 
the smaller of sum square error (SSE), the better for model prediction. Moreover, the higher the 
value of R2 and the Adj R2 the better prediction of the proposed model will be presented in table 
6-11. 
Table 6-11 Summary of the selected model 
Selected Model 



























Furthermore, to find the efficiency of the whole model, F-test for each model is computed. 
Table 6-12 shows the results of ANOVA test prediction for the selected model. As we 
mentioned above the null hypothesis is rejected because α value is less than 0.0001 for Pr>F. 
Also, T-test is conducted to estimate the accuracy of the selected variables. The results of the 
statistics test are shown in Table 6-13. The null hypothesis is rejected since α is less than for 
0.05 for Pr>ǀtǀ which means that all independent variables are adequately related to the 
dependent variable.  











Regression 5 64.09 12.81 150.09 <.0001 
Error 13 1.11 0.085   
































β4 0.216 0.1309 1.65 2.0258 4.0258 0.0125 
β5 1.033 0.275 3.76 3.258 5.879 0.0024 
  
Figure 6-7 presents the comparison between the measured predicted Mreq values for subgrade 
model as shown in table 6-9. The mean of the ratio of Mreq m/ Mreq p, the standard deviation (σ) 





                     Figure 6-7  Predicted versus measured Mreq 
6.11 Non-Linear Regression Models Limitations 
Most models proposed by empirical data include several limitations. The four developed models in 
this dissertation are performed based on cyclic plate testing in the laboratory. There are several 
limitations are associated with these models. The models were limited for (2-3) inch HMA thickness 
and California Bearing Ratio (BCR) for the subgrade soil between (0.5-3) percent. The environmental 
conditions for these data are similar. Also, the proposed models can't avoid limitations arising from the 





 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS  
7.1 Summary 
In many cases, flexible pavements are built over weak subgrade soil, which is often associated 
with many design and construction difficulties that always possess challenges for pavement design 
engineers. Weak soil is a common problem in road construction. Whether it is a temporary access 
road or a permanent road built over a weak subgrade, a large deformation (or rutting) of the 
subgrade can lead to deterioration of the paved or unpaved surface. The use of geosynthetics to 
stabilize the subgrade layer and/or reinforce the base aggregate layer within the pavement structure 
can offer a cost-effective solution to this problem. In order to evaluate the benefits of using 
geosynthetics stabilization and reinforcement of subgrade/base aggregate layers in flexible 
pavements build on weak subgrades, three sets of testing programs were: a) accelerated load testing 
of six full scale geosynthetics reinforced lanes were constructed at the pavement research facility 
(PRF) site using  rolling wheel load facility; b) laboratory cyclic plate load testing of geosynthetics 
reinforced pavement test sections were constructed inside steel box facility with dimension of 1.98 
m (6.5 ft.) (Length)× 1.98 m (6.5 ft.) (Width) × 1.68 m (5.5 ft.) ; c) in-situ  cyclic plate load testing 
on the same six full-scale pavement test lanes at PRF. Both the full-scale pavement test lane 
sections and in-box laboratory pavement test sections were instrumented with several sensors to 
measure the load associated and environmental associated responses.  
 An extensive in-situ and laboratory testing were performed prior to the construction of the 
test sections to evaluate and after each stage of pavement construction to assess the stiffness of the 
pavement layers. Results of the three programs sets will be used to investigate the effects of 
geosynthetics reinforced layers on the performance of flexible pavements and quantify the benefits 




The conclusions from the three experimental testing program can be summarized as follows: 
1) Results of the full-scale accelerated load testing showed the benefits of using geogrid and 
geotextile material in decreasing the surface rutting of paved lanes sections.  
2) The inclusion of geosynthetic reinforcement results in redistributing the applied load to a wider 
area, thus reducing the stress concentration and achieving an improved vertical stress distribution 
on top of subgrade layer. This behavior results in less accumulated permanent deformation in the 
subgrade, i.e., lower maximum vertical stress on subgrade, and hence the lower permanent vertical 
strain in subgrade. 
3) The test results clearly demonstrated the benefits of geosynthetics in reducing the surface 
rutting, as well as base and subgrade permanent deformations, of the reinforced test lanes, which 
can be incorporated into design through extending the service life of pavements and/or reducing 
the pavement thickness.  
4) The results proved that the instrumentation employed in the test section successfully provide a 
clear indication of the benefit of using geosynthetics to reinforce the pavement. 
5) The measurements of potentiometers that were installed at the mid-height of the aggregate layer 
showed that the base layer makes more significant contribution to the total permanent deformation 
than the subgrade layer. 
6)  Measurements from the strain gauges confirm that the geosynthetics were mobilized during 
accelerated loading testing.  The geogrid installed at the upper one-third of the base layer in lane 
2 displayed more tensile strains than that of the geogrid placed at the base-subgrade layer interface 
in Section 2. 
250 
 
7)  The effect of poor drainage in full-scale testing due to heavy raining can certainly prevent the 
lateral movement of aggregate particles at the top of geosynthetics surface. Moreover, the poor 
drainage system can prevent the geosynthetics from resisting the rutting and directly can affect the 
geosynthetics mechanism for the pavement during applying loading. 
8)  Among all six pavement sections tested in this study, the best performance was observed for 
the pavement section with double geosynthetics reinforcement layers. However, one also should 
keep in mind that the cost of having two layers of reinforcement is higher than a single layer of 
reinforcement. 
9) The calculation of base course reduction shows that BCR for section 6 is higher than the actual 
results provided and this is due to the limitation of using pavement design.  
10) The test results clearly show the benefit of including another layer of geogrid for base layer of 
thickness 457 mm. 
11) Multivariable nonlinear regression models were proposed to estimate and quantify the base 
layer reinforcement by geosynthetics, by proposing four models: TBR, BCR, MRreq for base layer 
and Mrreq for subgarde.  
7.3 Recommendations For Future Research 
This work performs full-scale study experiments in the laboratory and field. Many limitations 
were found in the full-scale tests.  This study cannot address proposing a new design method of 
base layer reinforcement. Therefore, to propose a design method for geosynthetics base layer 
reinforcement, I recommendations the following future studies: 
1) In order to design a new model for base layer reinforcement of pavement, a finite element model 
and discrete element method is recommended to better understand the geosynthetics performance 
under different configurations.  
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2) Perform additional geosynthetics laboratory cyclic plate load tests to include more variables 
that can affect the geosynthetics performance such as base layer thickness, base layer resilient 
modulus, subgrade resilient modulus, geosynthetics tensile strength and thickness of hot mix 
asphalt layer. 
3)  Perform experimental testing for unpaved experimental sections in the laboratory to quantify 
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Lane 1-A 3.45 3394.0 3391.1 1982.7 1411.3 2.403 2.494 96.3 3.7 149.9
Lane 1-B 2.84 2898.2 2894.8 1679.5 1218.7 2.375 2.494 95.2 4.8 148.2
Lane 1-C 3.48 3545.7 3542.3 2036.4 1509.3 2.347 2.494 94.1 5.9 146.5
Lane 1-D 2.90 3698.6 3691.5 2142.1 1556.5 2.372 2.494 95.1 4.9 148.0
Lane 1-E 3.90 4068.5 4060.7 2356.3 1712.2 2.364 2.494 94.8 5.2 147.5
Lane 2-A 3.31 3443.1 3439.7 2007.9 1435.2 2.397 2.494 96.1 3.9 149.6
Lane 2-C 3.22 3244.8 3241.0 1872.7 1372.1 2.362 2.494 94.7 5.3 147.4
Lane 2-B 3.17 3207.1 3198.7 1835.0 1372.1 2.331 2.494 93.5 6.5 145.5
Lane 2-D 2.80 2723.8 2718.7 1571.5 1152.3 2.331 2.494 93.5 6.5 145.5
Lane 2-E 2.76 3544.0 3542.6 2066.0 1478.0 2.331 2.494 93.5 6.5 145.5
Lane 3-A 2.82 2852.2 2832.0 1622.8 1229.4 2.304 2.494 92.4 7.6 143.7
Lane 3-B 3.05 3019.8 3010.6 1730.3 1289.5 2.335 2.494 93.6 6.4 145.7
Lane 3-C 3.55 3623.1 3616.4 2087.7 1535.4 2.355 2.494 94.4 5.6 147.0
Lane 3-D 3.20 3677.5 3671.3 2112.1 1565.4 2.345 2.494 94.0 6.0 146.3
Lane 4-A 3.01 2973.2 2964.9 1696.1 1277.1 2.322 2.494 93.1 6.9 144.9
Lane 4-B 2.96 2855.8 2837.3 1611.9 1243.9 2.281 2.494 91.5 8.5 142.3
Lane 4-C 3.33 3445.8 3442.4 2001.8 1444.0 2.384 2.494 95.6 4.4 148.8
Lane 4-D 3.50 3151.5 3144.4 1806.7 1344.8 2.338 2.494 93.8 6.2 145.9
Lane 4-E 3.40 3255.7 3248.7 1876.7 1379.0 2.356 2.494 94.5 5.5 147.0
Lane 5-A 3.15 3201.6 3197.7 1852.4 1349.2 2.370 2.494 95.0 5.0 147.9
Lane 5-B 3.30 3422.4 3420.5 2000.0 1422.4 2.405 2.494 96.4 3.6 150.1
Lane 5-C 3.34 3498.9 3496.8 2037.0 1461.9 2.392 2.494 95.9 4.1 149.3
Lane 5-D 3.40 3512.8 3511.8 2046.4 1466.4 2.395 2.494 96.0 4.0 149.4
Lane 5-E 3.49 3501.0 3499.3 2022.8 1478.2 2.367 2.494 94.9 5.1 147.7
Lane 6-A 3.52 3589.5 3584.7 2072.1 1517.4 2.362 2.494 94.7 5.3 147.4
Lane 6-B 3.53 3578.5 3574.8 2080.8 1497.7 2.387 2.494 95.7 4.3 148.9
Lane 6-C 4.07 4055.5 4036.1 2279.5 1776.0 2.273 2.494 91.1 8.9 141.8
Lane 6-D 3.40 2987.7 2978.6 1706.6 1281.1 2.325 2.494 93.2 6.8 145.1














APPENDIX B  







Average  Resilient 
modulus(Ksi) 
3.00 
2.70 14.09 13.13 14.77 14.00 
5.40 14.31 15.85 15.69 15.28 
8.10 16.64 18.31 17.59 17.52 
5.00 
4.50 20.92 22.72 21.80 21.81 
9.00 22.69 23.18 24.11 23.33 
13.49 23.14 24.93 26.16 24.74 
10.00 
9.00 32.38 33.81 32.72 32.97 
18.00 34.38 33.35 33.65 33.79 
26.99 35.36 35.23 34.57 35.05 
15.00 
9.00 39.75 40.08 40.16 40.00 
13.50 41.59 41.76 42.62 41.99 
26.99 44.65 43.73 43.49 43.96 
20.00 
13.50 49.43 48.69 50.78 49.63 
17.99 50.74 50.35 50.01 50.36 
















Average  Resilient 
modulus(Ksi) 
3.00 
2.70 10.90 8.90 12.90 10.90 
5.40 11.20 12.50 13.20 12.30 
8.10 14.90 16.80 15.80 15.83 
5.00 
4.50 18.50 19.80 17.80 18.70 
9.00 20.50 19.90 21.10 20.50 
13.49 21.50 22.60 23.90 22.67 
10.00 
9.00 26.80 28.90 25.90 27.20 
18.00 29.60 26.90 27.10 27.87 
26.99 31.10 29.80 28.40 29.77 
15.00 
9.00 32.50 34.90 33.80 33.73 
13.50 36.80 37.40 38.10 37.43 
26.99 40.00 38.40 36.90 38.43 
20.00 
13.50 41.50 39.80 43.30 41.53 
17.99 42.50 40.90 39.60 41.00 













Resilient modulus(Ksi) Average  Resilient modulus(Ksi) 
3.00 
2.70 16.57 16.70 15.90 16.39 














APPENDIX C  
Table A.1: Indirect Tension Dynamic Modulus (IDT E*) Test Results for Lane2 
Temperature (-10C) 
Sample# Voids 10.0 5.0 1.0 0.5 0.1 0.01 
E1 7.6 3441.1 3406.8 3136.8 3032.8 2670.0 2253.8 
8.10 17.55 18.90 18.50 18.32 
5.00 
4.50 22.28 24.50 24.70 23.83 
9.00 23.75 25.30 25.90 24.98 
13.49 23.62 26.01 27.10 25.58 
10.00 
9.00 36.33 37.03 37.90 37.08 
18.00 37.44 38.13 38.50 38.02 
26.99 37.85 38.89 39.00 38.58 
15.00 
9.00 45.00 43.25 44.50 44.25 
13.50 44.28 44.03 45.00 44.44 
26.99 47.06 46.87 47.90 47.28 
20.00 
13.50 54.88 55.13 55.70 55.24 
17.99 56.42 57.26 57.90 57.19 
35.33 60.96 61.26 63.00 61.74 
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E2 6.4 3215.0 3138.0 2922.0 2825.5 2599.1 2211.6 
E5 5.6 3698.4 3622.4 3415.6 3311.4 3042.3 2589.9 
Avg 6.5 3451.5 3389.1 3158.1 3056.6 2770.5 2351.8 
Stdev 1.0 241.9 242.7 247.4 243.9 238.1 207.3 
CV 16.0 7.0 7.2 7.8 8.0 8.6 8.8 
Temperature (10C) 
Sample# Voids 10.0 5.0 1.0 0.5 0.1 0.01 
E1 7.6 1922.2 1763.9 1367.9 1208.8 870.4 474.0 
E2 6.4 1617.2 1498.3 1198.3 1062.0 782.0 447.6 
E5 5.6 1701.3 1590.2 1290.7 1126.6 800.0 451.7 
Avg 6.5 1746.9 1617.5 1285.7 1132.4 817.4 457.8 
Stdev 1.0 157.5 134.9 84.9 73.6 46.7 14.2 
CV 16.0 9.0 8.3 6.6 6.5 5.7 3.1 
Temperature (35C) 
Sample# Voids 10.0 5.0 1.0 0.5 0.1 0.01 
E1 7.6 531.3 444.5 265.7 211.6 119.8 55.0 
E2 6.4 621.9 523.1 325.9 263.0 160.1 72.9 
E5 5.6 452.8 376.1 216.9 170.7 110.2 57.7 
Avg 6.5 535.3 447.9 269.5 215.1 130.0 61.9 
Stdev 1.0 84.6 73.6 54.6 46.2 26.4 9.6 










Table A.1: Indirect Tension Dynamic Modulus (IDT E*) Test Results for Lane3 
Temperature (-10C) 
Sample# Voids 10.0 5.0 1.0 0.5 0.1 0.01 
E1 7.6 3484.4 3449.7 3176.3 3071.0 2703.6 2282.2 
E2 6.4 3215.0 3138.0 2922.0 2825.5 2599.1 2211.6 
E5 5.6 3745.0 3668.0 3458.6 3353.1 3080.6 2622.6 
Avg 6.5 3481.5 3418.6 3185.6 3083.2 2794.5 2372.1 
Stdev 1.0 265.0 266.4 268.4 264.0 253.3 219.8 
CV 16.0 7.6 7.8 8.4 8.6 9.1 9.3 
Temperature (10C) 
Sample# Voids 10.0 5.0 1.0 0.5 0.1 0.01 
E1 7.6 1922.2 1763.9 1367.9 1208.8 870.4 474.0 
E2 6.4 1617.2 1498.3 1198.3 1062.0 782.0 447.6 
E5 5.6 1701.3 1590.2 1290.7 1126.6 800.0 451.7 
Avg 6.5 1746.9 1617.5 1285.7 1132.4 817.4 457.8 
Stdev 1.0 157.5 134.9 84.9 73.6 46.7 14.2 
CV 16.0 9.0 8.3 6.6 6.5 5.7 3.1 
Temperature (35C) 
Sample# Voids 10.0 5.0 1.0 0.5 0.1 0.01 
E1 7.6 531.3 444.5 265.7 211.6 119.8 55.0 
E2 6.4 621.9 523.1 325.9 263.0 160.1 72.9 
E5 5.6 452.8 376.1 216.9 170.7 110.2 57.7 
Avg 6.5 535.3 447.9 269.5 215.1 130.0 61.9 
Stdev 1.0 84.6 73.6 54.6 46.2 26.4 9.6 





Table A.1: Indirect Tension Dynamic Modulus (IDT E*) Test Results for Lane 4 
Temperature (-10C) 
Sample# Voids 10.0 5.0 1.0 0.5 0.1 0.01 
E1 6.9 3109.9 2997.8 2786.9 2692.1 2448.0 2080.5 
E2 5.5 2945.5 2873.6 2671.7 2584.0 2367.3 2001.7 
E5 4.4 3249.6 3177.4 2964.8 2878.5 2642.7 2236.6 
Avg 5.6 3101.7 3016.2 2807.8 2718.2 2486.0 2106.3 
Stdev 1.3 152.2 152.7 147.6 149.0 141.6 119.6 
CV 22.3 4.9 5.1 5.3 5.5 5.7 5.7 
Temperature (10C) 
Sample# Voids 10.0 5.0 1.0 0.5 0.1 0.01 
E1 6.9 1566.0 1436.9 1114.4 984.7 709.0 386.1 
E2 5.5 1562.0 1447.1 1157.4 1025.7 755.3 432.3 
E5 4.4 1604.6 1484.1 1173.1 1043.3 762.8 422.5 
Avg 5.6 1577.5 1456.1 1148.3 1017.9 742.4 413.7 
Stdev 1.3 23.5 24.8 30.4 30.1 29.1 24.3 
CV 22.3 1.5 1.7 2.6 3.0 3.9 5.9 
Temperature (30C) 
Sample# Voids 10.0 5.0 1.0 0.5 0.1 0.01 
E1 6.9 541.8 453.2 271.0 215.8 122.2 56.1 
E2 5.5 634.2 533.4 332.3 268.1 163.2 74.3 
E5 4.4 461.7 383.5 221.1 174.1 112.4 58.8 
Avg 5.6 545.9 456.7 274.8 219.3 132.6 63.1 
Stdev 1.3 86.3 75.0 55.7 47.1 27.0 9.8 





Table A.1: Indirect Tension Dynamic Modulus (IDT E*) Test Results for Lane 6 
   Temperature (-10C)     
Sample# Voids 10 5 1 0.5 0.1 0.01 
E1 5.3 3182.3 3106.1 2892.4 2796.8 2572.7 2189.1 
E2 4.3 3406.1 3372.2 3105.0 3002.0 2642.9 2230.9 
E5 6.2 3050.7 2988.0 2817.4 2731.5 2509.5 2136.4 
Avg 5.3 3213.1 3155.4 2938.2 2843.4 2575.0 2185.5 
Stdev 1.0 179.7 196.8 149.2 141.1 66.7 47.4 
CV 18.1 5.6 6.2 5.1 5.0 2.6 2.2 
      Temperature (10C)         
Sample# Voids 10 5 1 0.5 0.1 0.01 
E1 5.3 1930.4 1820.2 1444.5 1274.7 955.2 505.3 
E2 4.3 1900.2 1801.2 1418.5 1274.7 951.1 548.5 
E5 6.2 1940.4 1871.0 1504.1 1329.2 942.3 507.5 
Avg 5.3 1923.7 1830.8 1455.7 1292.9 949.5 520.5 
Stdev 1.0 20.9 36.1 43.9 31.4 6.6 24.3 
CV 18.1 1.1 2.0 3.0 2.4 0.7 4.7 
      Temperature (30C)         
Sample# Voids 10 5 1 0.5 0.1 0.01 
E1 5.3 421.5 336.5 197.4 181.8 118.0 46.5 
E2 4.3 504.3 398.5 232.9 181.8 157.6 48.8 
E5 6.2 475.2 388.3 209.4 157.2 112.0 46.8 
Avg 5.3 467.0 374.4 213.3 173.6 129.2 47.4 
Stdev 1.0 42.0 33.2 18.0 14.2 24.8 1.2 





APPENDIX D  
Lane 1 







41740.00 200.00 8.14 71.84 32435.66 
41743.00 500.00 7.77 68.51 33482.28 
41744.00 1500.00 7.67 67.69 33724.66 
41745.00 3500.00 8.28 73.04 32041.13 
41746.00 6000.00 9.22 81.37 29157.52 
41754.00 10000.00 7.63 67.30 33840.05 
41799.00 35000.00 7.09 62.57 35122.82 
41806.00 60000.00 7.39 65.16 34444.89 
41817.00 85000.00 8.74 77.14 30641.25 
41843.00 110000.00 7.46 65.84 34256.77 
41850.00 160000.00 6.78 59.82 35775.57 
41962.00 210000.00 7.38 65.11 34459.53 
Lane 2 







5.5.2014 200.00 7.26 64.01 34752.46 
5.7.2014 500.00 7.23 63.75 34822.99 
5.7.2014 1500.00 8.03 70.80 32769.47 
5.7.2014 3500.00 8.88 78.34 30222.15 
5.8.2014 6000.00 8.30 73.26 31968.52 
5.12.2014 10000.00 7.78 68.61 33451.84 
5.13.2014 35000.00 7.38 65.11 34459.53 
5.19.2014 60000.00 7.26 64.05 34742.30 
6.20.2014 85000.00 7.39 65.16 34444.89 
8.14.2014 110000.00 6.69 59.03 35949.23 
1.20.2015 160000.00 6.69 59.03 35949.23 
9.18.2015 210000.00 11.20 98.81 23814.19 
9.25.2015 260000.00 9.51 83.88 28280.44 













10.23.2013 200 7.42 65.43 34371.58 
10.23.2013 500 7.42 65.43 34371.58 
10.23.2013 1500 7.42 65.43 34371.58 
10.24.2013   3500 7.44 65.62 34318.62 
10.25.2013 6000 7.41 65.34 34396.86 
10.28.2013 10000 7.41 65.34 34396.86 
11.2.2013 35000 7.41 65.34 34394.95 
12.12.2013 60000 7.28 64.21 34700.15 
1.31.2014 85000 7.22 63.74 34824.47 
1.30.2015 110000 9.54 84.19 28173.78 
9.2.2015 160000 8.30 73.19 31990.95 
18.2.2015 210000 11.20 98.81 23814.19 
2.28.2015 260000 11.00 97.04 24247.06 












10.07.2013 200.00 7.29 73.57 19518.21 
10.07.2013 500.00 7.29 73.57 19518.21 
10.08.2013 1500.00 7.29 73.57 19518.21 
10.08.2013 3500.00 7.29 73.57 19518.21 
10.10.2013 6000.00 7.29 73.57 19518.21 
11.5.2013 10000.00 7.35 74.17 19514.36 
11.13.2013 35000.00 7.35 74.17 19514.36 
2.7.2014 60000.00 7.82 78.87 19489.15 
10.2.2014 85000.00 7.82 78.87 19489.15 
3.9.2015 110000.00 8.05 81.21 19479.29 
3.17.2015 160000.00 9.77 98.58 19439.61 
4.2.2015 210000.00 9.63 97.20 19441.35 
4.17.2015 260000.00 8.68 87.58 19459.18 












10.14.2013 200.00 6.20 54.74 36796.21 
10.15.2013 500.00 6.16 54.34 36866.57 
10.15.2013 1500.00 6.16 54.31 36871.77 
10.16.2013 3500.00 6.12 53.95 36934.96 
10.17.2013 6000.00 6.14 54.15 36900.89 
12.2.2013 10000.00 5.95 52.48 37178.89 
12.9.2013 35000.00 6.11 53.88 36947.44 
2.18.2014 60000.00 6.08 53.62 36990.43 
3.3.2014 85000.00 6.03 53.22 37057.88 
3.7.2015 110000.00 10.07 88.81 26629.39 
5.22.2015 160000.00 9.23 81.42 29138.26 
6.5.2015 210000.00 9.91 87.46 27068.14 
6.15.2015 260000.00 9.23 81.42 29138.26 
6.30.2015 310000.00 10.07 88.81 26629.39 













9.9.2013 200.00 7.24 73.08 19521.49 
9.12.2013 500.00 9.63 97.17 19441.38 
9.13.2013 1500.00 9.39 94.77 19444.81 
9.16.2013 3500.00 9.43 95.16 19444.21 
9.17.2013 7500.00 9.31 93.99 19446.05 
9.19.2013 15000.00 7.25 73.16 19520.95 
9.30.2013 25000.00 7.25 73.16 19520.92 






























Relative Distance from the Center of Plate (x/D)
9 kips - 1st Cycle
9 kips - 100,000th Cycle
12 kips - 100,001st Cycles
12 kips - 200,000th Cycles
15 kips - 200,001st Cycles
15 kips -  300,000th Cycles
17 kips - 300,001st Cycles





















Relative Distance from the Center of Plate (x/D)
9 kips - 1st Cycle
9 kips - 100,000th Cycle
12 kips - 100,001st Cycles





































Relative Distance from the Center of Plate (x/D)
9 kips - 1st Cycle
9 kips - 100,000th Cycle
12 kips - 100,001st Cycles
12 kips - 200,000th Cycles
15 kips - 200,001st Cycles
15 kips -  300,000th Cycles
16 kips - 300,001st Cycles




























Relative Distance from the Center of Plate (x/D)
9 kips - 1st Cycle
9 kips - 100,000th Cycle
12 kips - 100,001st Cycles
12 kips - 200,000th Cycles
15 kips - 200,001st Cycles
15 kips -  300,000th Cycles
17 kips - 300,001st Cycles





















Relative Distance from the Center of Plate ((x/D)
9 kips - 1st Cycle
9 kips - 100,000th Cycle
12 kips - 100,001st Cycles
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